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Preface to the English Edition 



One of the less dramatic developments of the period between the wars 
was the appearance of Astronomy in the best-seller market that most 
restricted if not most select of worlds. Whereas at one time the 
astronomer was not encouraged by the reading public to issue from his 
observatory in an official capacity, one now finds (or, at any rate, found 
at the height of the boom) hardly a station bookstall without its 
volume of celestial revelations. 

During the war itself, two factors conspired to continue this trend. 
The blackout made the night sky visible to the townsman for the first 
time since the introduction of street lighting; and a variety of national 
duties gave both town and country dwellers plenty of opportunity for 
seeing it. 

Thus it has come about that a wide public is in somewhat precarious 
possession of the more spectacular results of modern astronomical 
research without quite knowing how these have been established. For 
fine superstructures must of necessity stand upon firm foundations, 
and many of these astronomical dilettanti must have wondered just 
how such sensational results were obtained; they may, too, have 
speculated vaguely upon the basic principles, the trains of reasoning, 
and the observations without which this elegant and mysterious edifice 
could never have been built. 

Even the simplest of everyday assumptions appears, on close in- 
spection, to be riddled with pitfalls. Indeed, the 'simpler' it is, the 
more difficult its substantiation frequently is: it is easier to play a first- 
class game of chess than to make a rational and convincing defense of 
the popular notions concerning time, causation, or the existence of a 
material world a defense which a professional philosopher could not 
tear to shreds in half a minute. Ask anyone without warning why 
he believes that the earth rotates on its axis, or that it revolves about 
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the sun rather than the sun about it, and he will in all likelihood be 
unable to provide a sufficient reason without several false starts if 
then. The answer that that is what he has always been taught, or, 
ultimately, that that is the considered view of individuals who have 
studied the facts, is no real answer. It may well be his reason for 
holding the belief, but it is certainly not a sufficient reason. 

In the pages that follow, an attempt has been made to give a sys- 
tematic demonstration of the more complex facts of Astronomy, 
starting from simple assumptions at which not even the most skeptical 
reader could cavil. So far as is convenient, the various artificial aids of 
the natural senses, such as the telescope and the spectroscope, are drawn 
into the discussion in their historical sequence. Thus, in Part I the 
evidence of the naked eyesight is examined, and the fullest possible use 
made of it by the reasoning faculty; only then is the evidence of the 
telescope invoked. Data provided by the spectroscope are confined to 
Part II, the initial chapter of which introduces the subject of spectro- 
scopy and sketches in the background of atomic physics. 

Much play has in the past been made of astronomical distances by 
'popular' writers on the subject. The size of the known universe is 
certainly one of its more awe-inspiring features, and sizes and dis- 
tances on the astronomical scale are clearly a gift to any journalist 
endeavoring to make a write-up exciting. The determination of all 
astronomical distances from the smallest to the greatest constitutes 
a single logical process, a fact which is often not made clear in intro- 
ductions to the subject intended for the general reader. Not all astro- 
nomical amateurs would go so far as George Bernard Shaw, who once 
roundly accused all astronomers of being liars; but owing to the basic 
importance of the distance determinations, combined with the some- 
what sketchy manner in which they are often treated, the average man 
may be forgiven a certain degree of puzzlement, if not skepticism. 

For these reasons, the means whereby man has put a scale to the 
visible universe are in Part I presented as a continuously unfolding 
story, and the interrelated character of all stages in the extrapolation 
emphasized. The aim of the first five chapters, in other words, is to 
describe the size, shape, and structure of the astronomical region and 
its contents, together with the methods by which the results have 
been obtained. In Part II a different approach is adopted, and the 
various bodies whose distances have been their primary interest in the 
preceding section are considered as things in themselves, rather than 
as anonymous points in a spatial pattern. 
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From time to time during the development of the argument, refer- 
ence is made to evidence provided by an instrument not yet described. 
When this happens, however, it is never to forge a link in the main 
chain of the argument, but to provide subsidiary interest or contributory 
evidence of an already established conclusion. Brief descriptions of 
certain unproved hypotheses such as the solar origin of the planets, 
the origin of the lunar craters, the subatomic sources of stellar energy- 
are inserted for the same reason. 

Finally, a word of reassurance to the mathematically timid. Figures 
have purposely been kept to a minimum, but certain facts and trains 
of reasoning are of their nature more cogently and conclusively ex- 
pressed in mathematical than in verbal terms. A few figures do ac- 
cordingly appear from time to time, but in no case would they present 
any difficulty to a schoolboy at matriculation standard. Moreover, 
should the reader on encountering them still prefer to skip to the 
next piece of firm ground, he may do so without losing the thread of 
the argument. For, in every case the point is summarized verbally. 

I should like to acknowledge here my extreme indebtedness to 
Professor H. H. Plaskett, whose assistance, encouragement, and con- 
structive criticism are in large measure responsible for whatever value 
this book may possess; also to Dr. W. H. Steavenson for reading the 
book in proof and making many helpful suggestions, as well as cor- 
recting a number of factual errors; and to Mrs. Doreen Marston for 
giving me the initial idea. 

J. B. S. 
London 
January 1947 



Preface to the American Edition 



The galley proofs for The Heavens Above came to my attention ap- 
proximately two years ago. At that time I was impressed by the 
novelty of Mr. Sidgwick's approach to a clear understanding of the 
fundamental problems of both classical and modern astronomy. I felt 
that the book would have an appeal to American readers. 

In the preparation of the American edition the sequence of topics in 
the English text has been followed. In a few places extensive rewriting 
has seemed desirable to adapt the book for the American public. In this 
rewriting the editor has attempted to adopt Mr. Sidgwick's pleasing 
style. No attempt has been made to indicate those sections which have 
been rewritten and it is my hope that no American reader will be 
able to detect them. 

During the time that has elapsed since the appearance of the com- 
pleted volume in England there have been a number of advances toward 
the understanding of some of the more controversial or speculative 
issues raised by Mr. Sidgwick. However, none of these controversies 
or speculations can be considered as settled at the present time and it 
has seemed better to leave them at the point where they were left by 
the author. In the cases where new discoveries have been made (for 
example, the fifth satellite of Uranus) the new material has been in- 
cluded in the American edition. 

W. K. G. 

Amherst, Massachusetts 
February 1950 
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PART / 
QUANTITY- A GEOMETRIC PICTURE 



/. The Problem Stated: Apparent Motions 



The history of man's growing knowledge of the heavens, and of the 
movements, sizes, distances, and chemical and physical constitution of 
the various heavenly bodies, is largely the story of his invention and 
progressive refinement of numerous instruments whose function is to 
increase the scope of his natural senses and powers of reasoning. Of 
these instruments, the more important are: 

i. jv I p ^.opcs, , flf , , a, _Yja.Qty ,.Q . ty pcs* 

ii . ,MkjMme.teJi& (instruments for the accurate measurement o f 
minute angular distances and differences of position). 

iii. 

IV. 



v. 

vi. Mathematics, particularly trigonometry and the calculus. 
With the aid of this battery of instruments, the astronomer is able to 
project his inquiring mind into the furthermost corners of the visible 
universe. 

NAKED-EYE ASTRONOMY 

But the first of these instruments to be discovered (excluding from 
consideration mathematics, a mental rather than a physical instru- 
ment) did not appear until the early seventeenth century,* and by that 
time a great deal had already been learned of the relative positions and 
movements of the sun, moon, earth, and the other planets. This knowl- 
edge was erected upon a foundation of naked-eyed observations, refined 
to a certain extent by the use of primitive measuring instruments of the 
yardstick and sextant type. Thus the mind of man is capable of building 
a considerable edifice of astronomical knowledge with no materials 

*A passage in one of Leonardo da Vinci's Notebooks suggests that he may have 
constructed a primitive telescope and used it for astronomical purposes. 
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other than the evidences of his unaided senses. The history of the 
science has taught us, however, that this may only be achieved on the 
fulfilment of two conditions: 

i. The J&ijjdj^ 

oL$b*tt "0^$?.!- k e > an d prepared to reason from the evidence of 
the senses alone. 

ii. The .eye rousLhc^ttaifled tQ ^k^jaccurate ^bgsjaaiifta^of the 
motions and positions of the celestial objects that it perceives. This 
is the more easily fulfilled condition of the two. 

THE FORM OF THE EARTH 

There is a preliminary point to be settled before we go out of doors to 
study the day and night skies and to note carefully the behavior of the 
celestial bodies, in an endeavor to re-create the history of astronomy up 
to the time of Galileo. What is the true shape of the earth, that station 
from which all our observations must necessarily be made? It may be 
objected that the earth is spherical and that any fool is perfectly well 
aware of the fact. This objection, however, overlooks the professed 
aim of this book to demonstrate the more complex conclusions of 
astronomical research by working upwards from simple assumptions 
that cannot rationally be denied, demonstrating each step where it can 
be demonstrated and at other times indicating the possible alternatives 
and the reason for believing one in particular to be the more probable. 
In short, to take the bare minimum for granted. Now, it is far from 
self-evident that the earth is not flat. In fact, every reader of these 
words has at some period during his early life received a profound shock 
on being told quite seriously that (i) the earth is the same shape as an 
orange, and that (ii) the inhabitants of Australia not only hang upside 
down like flies, but solemnly affirm that not they but the inhabitants of 
the United States live in this inconvenient attitude. It is undeniably 
true that the 'flat earthists' have the fact of immediate obviousness in 
their favor. Yet they are considered cranks. The following are some of 
the more important reasons why the evidence of their senses is denied 
by the vast majority of civilized adults: 

i. HowevejMfgj^jaJ^^ 
face of the earth, QJKJ#^^ 

ii. Moreover, as the sixteenth-century explorers discovered, it is,jpos- 
sible^arrwejLtjth^ which ^on^t^r^^iiierd^y following 

one's WjjjC-Ji.Qr.11^ 
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space whose nature cannot be discovered by the naked eye. Though 
many of these, including those which (for reasons not yet stated) are 
believed most closely to resemble the earth, are spherical, not one has 
yet been discovered which is flat i.e. a plane body of negligible 
thickness. 

iv., Ji^ first, then 

their funnels, and lastly their masts. This can only occur in a world 
whose seas, and therefore that world itself, are convex. 

v. The curvature of the earth's surface can actually be seen. Since 
this curvature is very slight, a smooth sheet of horizontal surface of con- 
siderable extent is needed for the experiment. A large 




Were the earth convex 













(I 

Were the 




earth flat 





Figure i. 

from high winds will serve admirably. Suppose the reader were to 
drrv^jjbree stakes into the bottom of the pond, two^at the edges and 
another midway between them. He would have to be careful to see that 
each stake projected above the surface of the water by the same amount, 
say i foot. If then he placed a telescope upon the first stake and tried 
to sight on the top of the stake on the opposite side of the pond he 
would find that he could not do so. His view would be obstructed by 
the middle stake. The significance of this fact is made clear by Fig. i. 

If the distance between the stakes at the edges of the pond were 
exactly i mile and the midway stake were exactly halfway between the 
extremes, then the line of sight from the top of the first to the top of 
the third would hit the middle stake about 2 inches below the top. 

vi. Points (i), (iv), and (v) prove that the earth's surface is convex, 
while point (iii) suggests that it is spherical. This conclusion is con- 
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firmed by eclipses of the moon. Under certain circumstances, to be 
described later, the earth passes directly between the sun and the moon. 
When this happens its shadow falls upon the surface of the moon. It 
is found that the edge of this shadow is always an arc of a circle; this 
is the shape of the shadow cast by a spherical body. We may, then, 
assume as our starting-point that the earth is not a flat but a spherical 
body, and that it is suspended in space by some means still to be 
determined. 

THE SIZE OF THE EARTH 

It is of importance that we should know at the outset of our investiga- 
tions not only the shape of the earth but also its size. It might be sup- 
posed, since we can never get far enough away from the earth to be 
able to see it as a whole, and since it is not practicable to walk round it 
with a tape measure, that its measurement must present a very difficult, 
if not an insoluble, problem. This is not the case, however, the theory 
of the process being extremely simple. Such difficulties as are en- 
countered are practical ones. 

Let us go out of doors on a clear and preferably moonless night. At 
once it will be seen that the sky is dotted with innumerable points of 
light, the stars. These stars have several interesting properties which 
are perceptible to the unaided eyesight, but for the moment we shall 
confine our attention to one only. Quite a short period of observation 
of the southern sky will reveal the fact that the stars are moving en 
Wo^Hthatis, without altering their relative positions, one : tq.anptfe^ 
from ^^TcTw^ retaTtvrmoOon^makes it possible for 

us to imagine that they are fixed to the inner side of a gigantic vault 
with the earth at its center, and that this vault is in rotation, carrying 
the stars with it. 

Imagine, for a moment, a large bowl on the inner surface of which 
are marked a number of dots; the bowl is pivoted at the center of its 
base and may be rotated about this pivot (Fig. 2). If the bowl is made 
to rotate through one quarter of a turn, the dots which were at a,b,c,d,e, 
and / will now be in positions a' ,V . . . f, and the paths that they have 
traced out will be the dotted lines in the diagram. A study of this 
diagram will reveal two obvious, but important facts. 

i. T^JieaaL t aikit ,k tothe center of rotation, the shorter will be its 
movement of the bowl. 



ii. Xhfi-clatSr ot^xhe opposite sides of the pivot mqye, in. opposite 
directioa&*Jn the figure the rotation is clockwise, with the result that 
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those dots above the pivot move from left to right and those below it 
from right to left. 

We shall return now to the night sky; careful observation shows that 
stars about halfway up the southern sky move farther i.e. describe 
a longer arc in a given period of time than those at a greater distance 
above the horizon; and those, in turn, move farther than the ones di- 
rectly overhead. And so on until we reach a point in the sky about 

3nd the zenith (the point directly 




Figure 2. 




is point in the northern sky there 
an hour's .Qh&eryaUQJCi, 



ven longer periods of observation 
fail to detect any motion in itjand we may therefore conclude that it 
must lie very near the point on the star sphere about which the whole 
vault revolves (see ff in Fig. 2). This star is called Polaris, or th^ple 
-Sfac ..... and the point on the star sphej^cta^fctohf^ 

pole iTiepQiDT^ampf^ 
posed to it is me other pivot, 






]r; this obviously 
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cannot be seen from places in the northern hemisphere of the earth, 
any more than inhabitants of the antipodes can see Polaris. fWe may 
therefore define the rH psf ial P n 



whkh have no Hii?rp Q ^ /^ r fWCDty-ffllir ' hoM^yiii motion. 
T^ f ^~*^l***>*~s<^^^ 
In accordance witrTthe secorra result ctenveri rrom our experiment 

With the bowl, thns^ St*", fltvwfl ^~^^ th^ 

hgtwggn **r JU.d i the zenith, plus those between the zenith and the 
southern horizon revolve in an ffisJNwfisrffi while tl\QSjbelow 

from west to 



wrstr^hese elementary facts of the diurnal rotation or the star vault 
will be obvious to anyone who has spent an hour or two in intelligent 
observation of the night sky. 

All this is preliminary to the determination of the earth's size. It has 
been discovered that the angular elevation of the Pole Star (which, it 
will be remembered, is very near the north celestial pole) above the 
northern horizon, depends upon the position of the observer on the 
earth's surface more accurately, upon his latitude. In our latitudes, 
approximately midway between the equator and the north pole, Polaris 
is seen to lie approximately midway between the zenith and the north- 
ern horizon. As we travel north, theJEjok^Star rises higher and higher 
in the sky until, when we arrive at the north pole itself, it isjdirjgcjjy 
overhead. Similarly, as we move south to warcTs the^equator it sinks 
fer?tT" - arid lower toward the northern horizon. When we reach the 
equator itself we find that it lies on the northern horizon; further 
southward movement will render it invisible, since it lies below this 
horizon. Put in another way, we may say that ffhfr *-*" --miff hi CfllcfitiaJ 

north 



pole) ; when its altitude ijL^^ff^ ( we are 

between the equator and the north pole- at Minneapolis, perhaps); 
and when its altitude is o (actually on the horizon) our latitude is o 
(the latitude of the equator). Incidentally it is to be noted that this 
fact provides us with another^reason for believing that the earth is 
spherical or at any rate no^fla^-for ifjt- iMf p ; the gkyatioa ^ ,tl^ 
.the Hn7ninliw^"- 1A -V .......... 



^ In fact, .ilisJi 


gUt^JM4 nf a plarr is nnfhinpr rQQxe L1) tfiajCL the anPffl,llai 


^2m^j^ 


JU 


tfth. 


ceicsM^ 


>uL 


4oc- 


rK* 




-&k 


aal 


J3ok 





The reader who has 
a sextant available can quite easily determine his latitude. If he lives 
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in Nw*TArk he will find thatjtfhe anHf* V fwp rn fhr 

jpri 7ig averages about 41 ; 'if he looks in his atlas he wifrnnd that 
is close to the 4ist parallel of latitude. Since the Pole Star is 
actually about i from the celestial pole of rotation he will find that 
his measurements will differ if taken at the same time in the evening 
throughout the year. However, the average of a long series of observa- 
tions will give him a good value of his latitude. 



The ground is now cleared for ^^^j^ammation of the earth's size. 
First, two points on the earth\s surface^Exactly nqEtJjLaart sflijth of each 
other, ar^ chosen, and^he distance b^y^D them n^ 1 'f r! Tlinf^- Then the 
latitude ot eacr^oTnt is fQuncl^^ From the 

difference oH^y^^^ ^^'^iiiihtflLTdD t kfctiBiB RgJClf 

me sizeortheearth rrmy be determined. Suppose, to make the exprnna-J 
tion concrete, that the two stations adQo^pmiles apart and that their 
difference of latitude is{jffi Then, since"tEe cirTurBferarrce of a circle 
contains 360, the circiimfeence of the earth should be 360X69*5 or 
25,000 miles (approximately). Then by using geometry with which 
high-school students should be familiar the diameter, radius, and 
volume of the earth may be deduced. The figures have been kept 
approximate and simple intentionally; in practice the distances between 
stations is determined by geodetic survey and the latitudes obtained 
by precise astronomical methods. 

Having prepared the way for our inquiry by discovering what sort 
of a body it is that we inhabit, and from which we must perforce make 
all our astronomical observations, we can proceed to the investigation 
of the motions and, so far as they can be deduced without the aid of 
instruments, the positions and distances of those other celestial bodies 
that are visible in the day and night skies. It is assumed that the reader 
undertakes to spend a short time in the open each evening, there to 
study the appearance of the night sky. 



mTTRMAT, ROTATION OF THE STAR SPHERE 

The stars are sizeless points of light, varying in brightness and also in 
color. The differences in color shown to the naked eye by individual 
stars are not striking. Nevertheless, they can be noticed quite clearly in 
the case of a number of the brighter stars. 

We have already discovered that the star sphere rotates steadily from 
east tQ-We&t (if we are looking at that part of it that lies south of the 
north celestial pole as we usually are, since it is by far the larger part) 
about a pivot in the northern sky 'which is nearly marked by the star 
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Polaris. Since we are now engaged in practical observation, it will be 
as well to find this star at once. OnQjihidajLLS^ of 

Efilaisfis to Si ye d 16 direction of theCrue nopPto any sailor or other 
observer situated north of the equator; another, as we have seen, tojjjjig, 

ikp l^itude.Qf sflLplacc&iromjyhicb it invisible. Most people who know 

no other astronomy are familiar with that group of northern stars 
known variously as the Big Dipper, the Great Bear, and Ursa Major; it 
is represented in Fig. 3. If the observer carries his eye along the line 
joining the stars marked P and ex for a distance equal to about five 






2nd mag: -^- 3rd. mag-. *4th mag. 

Figure 3. Three circumpolar constellations. 

times that separating them, he will find a star which, though of only 
medium brightness, is nevertheless rendered unmistakable by its isola- 
tion. This is Polaris. 

One feature following from the rotation of the heavens about the 
north celestial pole will soon be noticed. The < ^l6fltien ot^Eolari&^above 
the horizon, is, as we have seen, eg^oaLliX^ 

SuTtKir'anguIar "eTevaHorf ITtKeshortest distance from Polaris to the 
horizon. Hence a star which is distant from Polaris by a number of 
degrees equal to the observer's latitude (41 in the case of New York) 
will never dip below the horizon in the course of its rotation about the 
pole. It will indeed just touch the horizon once in every diurnal period, 
and may therefore set if the northern horizon is not clear of obstruc- 

ri^n* J*ut * 1] staj^j^arcr to - p olari^lbgiLtbi8. wi]1 npHr figr ^ nil the 

whole of their circuit about the pole must be described above the 
horizon. &urh star-f- n mll-rH fmnirQjjnl^ and in our latitudes the 
stars of the Big Dipper are an example of this class. All stars farther 
from the Pole Star than the latitude of the observer will, of course carry 
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II 



out part of their circuit below the horizon, rising above it in the east 
and setting below it in the west. This distinction will be made clear by 
a glance at Fig. 4. 

The reader will perhaps have been impressed by the fact that the 
star sphere has many points of resemblance to a model globe of the 




Horizon 



Horizon 



Figure 4. Circumpolar stars. The altitude of Polaris in the diagram (the radius 
of the circle) is 33. The appearance represented is, therefore, that of the northern 
sky as seen from any place whose latitude is 33, e.g. the Sea of Galilee or 

Charleston, S.C. 

earth* such as is to be found in most schoolrooms. In the first place 
the globe rotates between two pivots which correspond with the north 
and south celestial poles. Furthermore, if we imagine a plane to lie 
horizontally through the center of the globe it will be appreciated that 

*This statement does not beg the question of the earth's rotation; the demon- 
stration of this fact will come later. A comparison is simply being made between 
the star sphere and the type of model mechanism of which a child's globe is 
an example, 
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the pivot which we call the north celestial pole lies not immediately 
above it (i.e. at the zenith) but at a point intermediate between the 
zenith and the horizon. In the model we must call this section of the 
horizontal plane the north horizon. By rotating the globe and watch- 
ing the parallels of latitude (which may be regarded as the paths of 
certain stars in their diurnal rotation about the earth) the difference 
between circumpolar stars and stars that rise and set will immediately 
be made plain. 

Midway between the pivots of the globe is drawn a great circle 
i.e. a circle whose plane passes through the center of the globe 




Figure 5. The circle sSnN represents the observer's meridian on the star sphere,, 
bisecting which is the observer's horizon ncsw. The observer is situated at O, and 
N and S are the north and south celestial poles. It will be seen that the celestial 
equator, of which only the visible half is shown, cuts the horizon at points due 
east and due west of the observer, and reaches its maximum altitude due south of 

him. 



known as the equator. Similarly, in the celestial sphere there is an 
imaginary circle drawn about the whole heavens, the visible section of 
which lies between the American observer's zenith and his southern 
horizon. A moment's thought will reveal the fact that this circle, the 
celestial equator, will cut his horizon at points due east and due west 
of him, and will attain its maximum height above the horizon where 
it is due south (Fig. 5). By definition, the shortest distance of any point 
on the celestial equator from the north celestial pole (or the south 
celestial pole, which is below our horizon, for that matter) is 90. In 
the same way all points on the terrestrial equator have a latitude of o, 
that of each pole being 90. This is, of course, only another way of 
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<iavinp" that thfL^ff* lf k< ?f Tsl fTmfltnr . .bi gpr't'.c. t'Vif* cfar colip-rf*_.iiiti-^isi<2LJi^ r<r * > '' g 

ohercs, jj^ rnr u ^ T" U H f ^ iht prH h rrntfiillr r 1o ^iiL 

THE SIDEREAL DAY 

Having noted the fact of the rotation of the star sphere about the earth, 
and having discovered the positions of the pole of this rotation and of 
the celestial equator, we must now discover the time required for one 
complete rotation of the sphere. The obvious way of doing this is to 
note the time at which some conspicuous star is due south or, to ex- 
press it in technical language, the time^tha^^ on 
the meridian, the Cn^imam being y hat ^reat circle that P9nBffi tne 
Qt-^jJlJu!^ an3 f?iiF 

to note the time of the next culmination, and to measure the time 
interval separating the two observations. 

We shall suppose that the observer produces a compass during the 
day preceding his first observation, and discovers that the point on his 
horizon that is due south of him is marked by a church spire. On the 
succeeding night he goes out at 8 p.m. and notes that there is a bright 
star slightly to the east of the vertical line passing through the steeple 
that is to say, east of the meridian. He therefore waits, and at 8:30 
precisely he decides that the star is directly over the steeple. He makes 
a note of the time and perhaps constructs a rough star map of the 
southern sky so that he will be sure of recognizing his star on the next 
occasion. 

The following night he again begins observation at 8 p.m. and notes 
that the appearance of the southern sky is, so far as he can tell with the 
naked eye, exactly the same as on the preceding night. Not only are 
the stars in their same relative positions that, as we have seen, is to 
be expected but their positions in the sky, their compass bearings, 
appear to be the same. He therefore jumps to the conclusion that the 
star sphere rotates in a period of twenty-four hours. However, being of 
a scientific disposition, he decides to wait and see if his star really will 
culminate at 8:30, thus substantiating his guess. He waits less patiently 
this time, and when at last the star appears to be directly over the steeple 
he glances at his watch. He finds that the time is not, as he had ex- 
pected, exactly 8:30, but about 8:26. Unfortunately, his disposition is 
not truly and sufficiently scientific. He comes therefore to one of two 
conclusions, perhaps to both. Since this observation is not in accordance 
with his preconceived notion that the star sphere rotates in exactly 
twenty-four hours (a guess based on -comparatively inaccurate data, be 
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it noted), then one or other of his observations was inaccurate and that 
the star was not exactly over the spire; or else his watch needs regulating. 
But when he comes out on the third evening he is disturbed to find 
that the discrepancy between the expected and the observed is even 
greater. The star culminates at, according to his watch, 8:22 and at 
8:30 it is quite obviously to the west of the spire. Clearly something 
has gone wrong, and as the result of a little thought he decides that 
his guess at twenty-four hours as being the exact period was slightly 
in error; further, that this error has now been doubled by the second 
rotation of the star sphere, thus becoming more easily detectable. He 
therefore begins all over again, and a week's observations carefully 
made and recorded show him where his mistake lay. The star fiphcr e 
doesjiotj-qtatc in precisely tweat^rJb^Jbmu:^ but in a period -about 

^^ Thus > if our observer 



began his observations on Sunday night and the star was then due 
south at 8:30, on Monday it would culminate at 8:26, and at 8:30 would 
be a short distance past (i.e. to the west of) the meridian; on Tuesday 
it would culminate at 8:22; on Wednesday at 8:18; on Thursday at 
8:14. Since the star makes a complete circuit of the heavens in about 
twenty-four hours, it will travel an appreciable distance in a quarter 
of an hour and will therefore be very noticeably to the west of the 
meridian at 8:30 on Thursday night. It will, in fact, be to the west of 
the meridian by a distance equal to one ninety-sixth of its entire circuit 
of the star sphere. SOL. AK IP*Y - A L f ~H*5 - , 

1 " ' 



ANNUAL ROTATION OF THE STAR SPHERE 

This &scrM^^ 

th^ solar day has an important effect upon the appearance of the night- 
sky. At 8:30 p.m. on Monday all the stars in the southern sky will be 
slightly farther west than they were at the same time on Sunday: stars 
that were on the meridian will now be slightly to the west of it; stars 
that were on the east horizon, now slightly above it; stars that were 
exactly on the west horizon wilf now have sunk below it and will be 
invisible. The difference in the aspect of the heavens occasioned by the 
passing of one day is of course small, since the diurnal shift accom- 
plished in four minutes is only slight. But consider what happens as 
the result of a lapse of three months. The stars which were originally 
on the meridian at 8:30 p.m. are now on the west horizon at that hour; 
stars that were on the east horizon are now on^the meridian; and a 
number of new stars which were invisible below the eastern horizon are 
now rising- above it. 
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In fact, the star sphere makes one complete revolution in one year 
in addition to its diurnal motion. One year after his first observation, 
our observer will again notice that his star is on the meridian at 8:30 
p.m. In the meanwhile every star that crossed his meridian between 
8 130 on that original Sunday and 8 126 on the following Monday (only 
about half of which he could have seen, the others being above the 
horizon during the daytime) will have been on the meridian, or at any 
rate very near it, at 8:30 p.m. on one of the 364 intervening nights. In 
other words, the summer stars, those t^t.! c ^^EY^?^?..?9J^^!r^l^^. 
lirnmrr miflmghtflr-lf* Hfi- ftayr-ft^-^^ ^ game as the wintxr fl:fl rg - 
(Note in passing that the circumpolar stars will have been visible 
throughout every one of the intervening nights.) Hence anyone familiar 
with the constellations and the motions of the star sphere who had 
fallen asleep like Rip Van Winkle and awakened during a clear night 
could determine at once what the season was. If he heard a clock strike 
he would be able to make an accurate guess at the month. If in addition 
he were armed with a set of astronomical tables, he would be able to 
deduce the date though not, of course, the year. 

THE MOTION OF THE MOON 

The next celestial body to be studied is the moon, and a single month's 
observation, for a few minutes each night, reveals the main character- 
istics of its motion and varying appearance. Further observations, made 
during subsequent months, will show that these features are recurrent 
or cyclic: the moon does the same things in the same order month 
after month. 

The first thing that the observer will notice, and a few hours' or 
even minutes' observation are all that are required, is that 
shar<? the stars' Hmrna] f.aia-!^L.I?-9lL ( Z 1 S^I t T1B ^ in 
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r * sio^LiJi^^ 

It 



rotatin 




will be remembered that the 

not 

any otbej 

Now "the moon does somewhat the same thing, though in the opposite 
direction. In short, it is, as has been said, carried round the star sphere 
from east to west with the stars, but its motion appears to be slower. 
Thus the stars in its neighborhood are always passing it, with the result 
that it has a residual west-east motion in respect of them. 
Suppose, for example, that on Sunday at midnight the moon is due 
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south of the observer. He memorizes its position with reference to a 
bright star which is also on the meridian, but further south, i.e. directly 
below the moon. As he watches, he notices that the moon and the star 
(together with all the other stars) are moving across the sky towards 
the western horizon. But since, in this motion, the moon is proceeding 
more slowly than the star, he will on the next night observe that when 
the star is again on the meridian the moon has been left a certain 
distance behind. It is now considerably to the east of the star and he 
would say that besides its diurnal east-west motion the moon has a 
motion of its own from west to east, relative to the starry background. 
As a result of this motion the moon is displaced to the east at a given 
time on succeeding nights. Whether the observer regards the moon as 
traveling eastward of its own accord while at the same time being 
carried westward by the diurnal motion of the star sphere, or regards 
the moon as having no true eastward motion but only as traveling 
westward with the star sphere though more slowly than it, is imma- 
terial. What is important to realize is thai- the rnnnn tajyg^pnorc than 
entv-f our hm^^g make a diurnal circuit or tnc heavens, whi 

THE MOON AND THE 

A careful observer will also notice that the moon is not only moving 
slowly eastward relative to the star sphere, but that it is also slowly 
moving north or south relative to the stars. This motion is restricted 
to a comparatively n a r rnw^gtb p^j^gsta r sphere known as the zodiac. 
Thh .parflllriirfirk H hrtr \TJ^li n t widmS was recognized at least 4000 
years ago. For all residents of Europe, and for those of the United 
States north of the latitude of Atlanta or Los Angeles, thc^odia^cosses 

the south point of the horizon. 
ie moon (with as we shall see, certain 
other objects) always moves; sometimes nearer one side of the road 
than the other, but never jumping the curb. 

THE LUNAR PHASES 

The most interesting point to be noticed with the naked eye is the cycle 
of the moon's phases and the time it requires to complete one eastward 
circuit of the star sphere. It will be remembered that owing to the fact 
of the stars revolving en bloc in slightly less than twenty-four hours, it 
requires a lapse of a year for a given star once more to be in the same 
position in the sky at the same time of night. Owing to the moon's 
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considerable lag among the stars, it ^irP^^^'hp^^ " '""'I gjrjl 

reference to -th#- stn rs -after an interval of abjjjjMjj^atVrSeven aad_ Q f ^i^ 



is known as the ^^^ 



ror the layman, the lunar month st arts' wh" en for thelirst time he sees 
the moon as a fine crescent low down in the west, soon after sunset. Two 
things are to be noticed: the moon is close to the sun in the sky, and 
the illuminated sickle lies on that side of the moon that faces the sun. 
Disregard of the latter fact has led artists to perpetrate absurdities times 
without number. As the month proceeds, the moon moves eastward 
along the zodiac. With its daily recession from the sun the proportion 
of its whole face that is illuminated increases. In a week it is on the 
meridian at about the hour that the sun sets; it is now half illuminated, 
or dichotomized, the illuminated hemisphere being that on the right- 
hand side, the side facing the sun. During the second week the moon 
continues its course away from the sun, and the terminator (i.e. the 
boundary between the illuminated and the unilluminated portions of 
its disk) moves further across its face from west to east (right to left). 
At the end of the second week, midway through the lunar month, it is 
fully illuminated, and rises in the east at about sunset. Halfway through 
the night, when the sun, below the horizon, has traversed half its course 
from the west horizon to the east, the moon will be on the meridian. 
As it sets in the west, the sun rises. 

The moon is now as far from the sun, measuring angularly around 
the star sphere, as it ever can be: the two bodies are 180 apart, i.e. at 
diametrically opposite points on the sphere. In continuing its eastward 
motion, therefore, the moon begins to approach the sun again, but from 
the opposite side. During the first half of the month (new-full) it has 
been moving away from the east side of the solar disk. Henceforth (full- 
old) it is approaching its west side. As it does so, the terminator, which 
has vanished at full, reappears as before at its west limb and moves 
eastward across its disk ; but now the opposite hemisphere is illuminated 
darkness on the west, light on the east since the moon's other limb 
is now nearer the sun. After three weeks the moon is about 90 to the 
west of the sun : it is on the meridian at sunrise, setting towards midday. 
It is again dichotomized; the illuminated hemisphere, being that facing 
the sun, is on the left-hand or east side of the disk. During the final 
week of the month it approaches nearer and nearer to the sun, becoming 
an increasingly narrow sickle as it does so, rising above the eastern 
horizon later each night, and setting in the west later and later in the 
afternoon. Toward the end of the fourth week it is a very fine sickle, 
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rising shortly before the sun. Finally, as its eastward motion continues, 
it becomes invisible in the sun's glare. Thus invisible, it passes the sun 
and a few days later js again visible as the new moon low down in the 
west shortly after sunset. Another lunar month has begun. 

THE MOTION OF THE SUN 

The investigation of the sun's motions and positions is complicated by 
the fact that when we can observe the sun we cannot observe the stars. 
Since the sky is itself a featureless waste it is a great convenience to 
have the stars, whose motions we have studied and can allow for, as 
reference points. It is easy, for instance, to determine the exact position 
of the moon throughout the lunation, for we only have to make a 
direct observation of it and then plot the observed position upon a star 
map. In dealing with the sun, indirect methods of study must be used, 

But no special observations are required to establish our first point; 
common experience and what we have already discovered of the 
motions of the stars provide the necessary data. We know that, what- 
ever the season, the sun is always du^south^Linidday.* We also know 
that the same star is not always south at midnight. Each twenty-foui 
hours it has moved a little more than once round the star sphere anc 
the sum of these daily increments amounts to one complete circuit ir 
a year. Combining this knowledge of the movement of the stars witr 
the observed fact that the sun is always due south at midday, we sec 
that tlv^iiQj must have a motion relative to the stars, and, moreover 
that it must complete one 
ajrgafai It also makes a diurnal apparentTcircuit of the earth, rising ir 
the east and setting in the west. During this interval it will have moved 
across the (invisible) starry background approximately one three hun- 
dred and sixty-fifth of its complete circuit. Thus, like the moon, the 

*The term midday is used here to indicate the middle of the interval between 
sunrise and sunset and not, necessarily, 12 o'clock as indicated by a mechanical 
clock. It would be 12 o'clock as indicated by a properly adjusted sundial. Owing 
to two factors, of which we shall learn more later (the obliquity of the ecliptic 
and the eccentricity of the earth's orbit), the apparent motion of the real sun is 
not uniform. On some days it moves slightly faster than average and on others 
slightly slower. For convenience in building mechanical clocks, a fictitious object, 
known as the mean sun, is defined. The mean sun moves with uniform motion 
along the celestial equator. Time measured by the real sun is known as local 
apparent time (LAT) while that measured by the mean sun is called local civil 
time (LCT). The difference between the two, in the sense local apparent time 
minus local civil time; is called the equation of time (LAT~LCT=equation of 
time) . Still more complication is introduced by the use of Zone, or Standard, time. 
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sun has an individual motion among the stars, though a slower one, 
since it accomplishes in a year what the moon does in a month. 



THE ECLIPTIC 



The general fact of the sun's motion among the stars is thus not very 
difficult to establish. But a question will have been suggested to the 
observer which the practical difficulty already referred to makes less easy 
to answer immediately. He has discovered that the moon's possibilities 
of position upon the star sphere are strictly limited; as we have seen, it 
never moves off a track 18 ^^dd^-an angular distance about equal 
to that covered by a sticft 9 inches long when held at arm's length 
against the sky. Since the star sphere appears to be curved it looks like 
the inner side of a hollow sphere, not like a flat surface the lines traced 
out by all celestial objects in the course of their motions are likewise 
curved. In watching the moon pursue its curved and circumscribed 
path across the heavens, th^oFseTver*will have been struck by the fact 
that this is just about, as far as he can judge with the naked eye, the 
saifie Jg^jij|t^ Jthc. JSHflUJ l ir %0mthc ^flHJID& It is in 

endeavoring to find out more about this interesting and as yet inex- 
plicable correspondence that he will encounter the difficulty already 
referred to. He is therefore forced to deduce the position of the sun in 
relation to the stars, from its observed position in the day sky, by an 
indirect method. There are several such methods to choose from. That 
employed by the ancient Egyptian astronomers, though not partic- 
ularly accurate, is easily understood. Since, the Egyptians reasoned, we 
cannot observe the sun and the stars simultaneously, and yet want to 
know the position of the former relative to the latter, we must do the 
next best thing, which is to observe them in the quickest possible suc- 
cession. Consequently they systematically noted the last bright star 
visible near the east horizon before sunrise, and by its aid deduced the 
approximate position of the sun in relation to the star's invisible 
neighbors. 

Thus the path of the sun across the star sphere can be mapped and 
our observer's suspicions are confirmed: the sijp's path does i 
lie 'jj.4[ Joto to thnt rrf thn ninnn This path is known as th 
(which is, , strictly, tk* 



so nearly does it coincide with that of the 
moon that it is possible to trace out a zone 18 wide in which the 
ecliptic is cerjUxally placed and out of which the moon never moves. 
This is thelzodiifi/ which is, in fact, fkof ** ** 
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tends Q on each side of Lthe Wjj^cJThe zodiac is divided into^twejye 
sec^ fliSeT known as the signs jjtfjJ^c^zodiaC' Since the sun 

completes one circuit of the zodiac in a year, \t passes one month in 
each sign. 

THE SUN AND THE SEASONS 

There is still one further characteristic of the sun's yearly motion that 
must be mentioned. It is a fact of common experience that the sun is 
higher in summer than in winter; also that the days are longer in the 
former season than in the latter. The first fact can be used to determine 
the length of the year, and in primitive times was so used. Let the 
reader mark on the ground a north-south line and at its southern end 
fix a vertical stick. Now when the stick's sun-cast shadow lies along the 
line the time must be midday and the sun at its maximum height above 
the horizon. Between sunrise and this time it will have been rising 
progressively higher in the sky from the eastern horizon; from then 
until sunset it will sink lower and lower towards the western. 

The passage of the seasons provides us with a rough and ready 
method of determining the length of the year, but the result obtained 
can never be more than very approximate, except by a fluke. A study 
of the stick's shadow, on the other hand, allows the determination to 
be made with some accuracy. Suppose that every day the reader makes 
a scratch on the ground to mark the apex of the noon shadow. If he 
begins his experiment at about Christmas-time he will find tjiat-the 
shajiojy^Js^ig^ value 

on 21 June. Thenceforward until about 21 December it will grow 
longer again. Since the seasons are regulated by the noon- 



day height of the sun, and the length of the shadow gauges this with 
fair accuracy, we are now in a position to say that the interval from 
December to\2j|JQiaj^ that theTtotal number of 

Jays in a complete year is equivalent to double the number in this 
interval. 



THE! GNOMON 



It is interesting to note in passing that this most primitive of astronomi- 
cal instruments, the gnomon, is possessed of considerabtp^satility in 
the hands of ingenious users. We have already seen that iLsaB-ke-ttsed 
asji calen^Tjtoj^gsiux jii^leagth ri ,Qlh .^iear. The varying directions 
of thc"^sSowon either side of the marked line record the passing of 
the hours, i.e. the time of day. It can be used to measure the obliauirv 
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of the ecliptic a point to which we shall return. And, finally, it 
presents an alternative and approximate way of determining the ob- 
server's latitude. Suppose that ^(Fig. 6(i) ) is the apex of the sun's 
longest shadow (on the shortest day), and S the apex at midsummer, 
when the shadow is shortest and the day longest. Both these distances 
can be measured, as can the height of the gnomon, AB. Since WAB 



(i) 





W 



B 





N 



A 
Figure 6. 



ind SAB are right-angled triangles, a simple trigonometrical operation 
will give the angles WAB and SAB* But these anglesangles ZAw 
and ZAs respectively. These are clearly the sun's maximum and mini- 
mum zenith distances, and their mean equals the angular distance 
from the zenith to the celestial equator, since the sun is on the equator 
when midway b^PWten its maximum*and minimum altitudes. (This 

*Suppose, for instance, that WB=i4 ft., 55 2 ft,, and AB=q ft. Then 

tan Z WAB = ~ , and tan Z SAB = - 
4 4 

Hence Z WAB == 74, and Z SAB sss 27. 
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fact will be made clear in the next paragraph.) We have thus succeeded 
in discovering the angle subtended between the celestial equator and 
the zenith. Refering for a moment to Fig. 6 (ii), A is the position of the 
observer, NAF his horizon, AP the direction of the celestial pole, and 
the angle NAP his latitude. AE is the direction of the celestial equator, 
the angle PAE being a right angle by definition. The angle ZAE is 
the zenith distance of the equator, which we have already discovered, 
and this is clearly equal to the angle NAP. Hence the angle ZAE is 
the observer's latitude, cp. 

OBLIQUITY OF THE ECLIPTIC 

It will immediately be asked how this annual bobbing up and down 
of the sun in the sky is connected with its west-east path among the 
stars. Having plotted the daily position of the sun on a star map 
throughout a complete year, we find that the ^lip fir (it.fi P3 f h) * s 
^either coincidgjiLJath the nolrirrinl ...equflfor, nor, is, i| parallel, to it. 
They are, in fact, related to one another in the same way as two hoops 
jammed together, one within the other (Fig. 7). Now since the latitude 
of any given point on earth is invariable, the altitude of the north 
celestial pole is also invariable. Tfrn&-iV ^faifudej^^ 
Sm^....q.Jitcanridian and^the. celestial eguator is the sgm^gr^ eyery 
da^of, the year. Since the sun, in its course abouTtKe*ecliptic, is some- 
times nortri ofthe celestial equator and sometimes south of it, its mid- 
day elevation above the horizon will vary from season to season. When 
it is at onqlflfr other of the points of intersection of the equator and 
the ecliptic^jfohen T in fect 7 it lies on the equator the days and 
wj^JLJbe^^of^ duration, the sun will rise" due east an^eT tltfiTwest 
(since wehave seen tKat the celestial equator always cuts the observer's 
horizon at points due east and west of him), and its altitude at noon 
will be midway between it^ ma^jpium (summer solstice) and its 
nni'nirrniryi (winter solstice) . These points are called the equinoxes, 
and the sun arrives at them on or about 21 March (vernal equinox) 
and 23 September (autumnal equinox). 

The angle between the edioti^ and ,..thf ffllfTtJ?! pg^y*^-*"***"*- 
and is known asjij)bliaQ^ It 

the distance^ js ^2^/2 . Hence the midday sun in midsummer is 47 
higher above the horizon, for observers outside of the tropics, than is 
the midday sun in midwinter. 
It is quite simple for the reader to determine the value of the 
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obliquity of the ecliptic for himself by means of the gnomon. As 
before (p. 21 and Fig. 6) wejAall assume that AB, the height of 
the gnomon, is 4 feet, that WjOTtrTe length of the noon shadow at the 
winter solstice, is 14 feet, and that SB, the length of the noon shadow 
at the time of the summer solstice, is 2 feet. Now since the difference 




Figure 7. The circle represents the star sphere, seen from without. The intersect- 
ing great circles may-i^resent the celestial equator and the ecliptic, in which case 
A and B are the equinoxes and = 23/4; or they may represent the moon's 
orbit and the ecliptic, in whfth 0=5 and A and B are the nodes. In either 
case the earth is at O, the center of the sphere. 

in the angular height of the sun above the horizon at the two solstices 
is double the angle between the ecliptic and the celestial equator the 
angle sAw is twice the obliquity of the ecliptic. But sAw=WAS, 
and this anglt=WAB SAB, both of which we have determined to 
be 74 and 27, respectively (p. 21, n.). Hence WAS=tf and 
the obliquity of the ecliptic is half this value or 23^. 
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THE PLANETS 

We now come to the last class of celestial object that repays study with 
the naked eye. When we made our observations of the stars we found 
that one of their most obvious characteristics was their immobility 
relative to one another. Thus, if we were to make a map of some con- 
spicuous star group (the Great Bear, say) we should find that year 
after year it would be as accurate as on the day it was made. Yet if the 
reader observes regularly he will sooner or later discover that there are 
exceptions to this rule: there are stars (or so they seenV) which not only 
change their positions relativejto jhc. vast mass_of their neighbors but 
also relative "toone : anotKer. These objects are called planets, and five 
are visible to "the riaTce^eye? 1 ^ The word 'planet' is connected philologi- 
cally with the idea of a wanderer. In appearance the planets are indis- 
tinguishable from stars; jonl^their motion, wjucbuaaq^fifa fim' iL nk 
^ 



J^d eye. It is widely supposed that whereas on some night? 



the stars twinkleTtne planets never do. But this is an unsure guide, and 
it is extremely doubtful if anyone unfamiliar with the appearance of 
the night sky could distinguish stars from planets by this means alone. 

MOTIONS OF THE OUTER PLANETS 

Careful observation of the successive positions of the planets reveals 
the fact that they may be divided into two groups, the members of 
which behave in quite different ways. We shall consider the planets 
belonging to the larger group first. They are three in number and to 
them the names Mars, Jupiter, and Saturn have been given. Like the 
sun and moon they travel eastward among the stars, but their motions 
differ from those of the brighter bodies in two important respects : 

are very much slowe, 
are not smooth, 




/Taking the second point first, the motion of a planet belonging to 
jdiis group may be described as follows (Fig. 8). When first observed 
we shall suppose that it is moving eastward with increasing velocity. 
After an interval, the length of which varies from planet to planet, it 
begins to slow down, finally becoming stationary among the stars. 

*A sixth, Uranus, is just visible to the naked eye when its position is known 
beforehand. It was not known to the ancients, however, and was discovered 
telescopically by Herschel in the eighteenth century. 
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Then it begins to move in the reverse direction (westward), accelerating 
at first, then slowing again, until once more it is stationary. Lastly it 
resumes its eastward motion. Thus the planets Mars, Jupiter, and 
Saturn move eastward in a series of loops; since more ground is always 
covered by the direct motion than by the retrograde there is a residual 
eastward motion. Observations over a number of years permit the 
determination of the period required by each planet for one circum- 
ambulation of the star sphere. It is found that for Mars this is about 
one and three-quarter years, for Jupiter about twelve years, and for 
Saturn about twenty-nine years. 



.8 



Capricornus 5 

Sagittarius 



Figure 8. Successive positions of Mars in the constellations Sagittarius and 
Capricornus during 1939: 

1. i April 6. 27 July 

2. i May 7. i August 

3. i June 8. i September 

4. i July 9. i October 

5. 23 July 10. i November 

During July and August the planet was retrograding. 
MOTIONS OF THE INNER PLANETS 

The second planetary group has two members, Venus and Mercury. 
As with all the other bodies we have so far considered, the motions of 
these planets are recurrent. To illustrate them we shall describe a single 
cycle in the motion of Venus. Let us suppose that when first observed, 
Venus is situated in the southwest sky in the evening; it is visible for 
several hours after sunset before following the sun below the horizon. 
Nightly observations will show that at a given time each evening Venus 
is a little nearer the horizon. Thus the period of its visibility is steadily 
diminishing, since the sun's glare does not permit it to be seen till some 
time after sunset. Eventually the planet has moved so near the sun in 
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the sky that it is not visible until on the point of setting. Last of all, it 
becomes entirely invisible, for by the time that the sky is dark enough 
for its visibility, it has already set. 

The observer need not feel stultified by this disappearance, for the 
situation is not without precedent in his experience. In his observations 
of the moon he encountered an analogous case: once in each lunar 
month thr-iooa -^ppxoaches so .near that part"of"rtlir^y-eetipkiby 
th^sun that Jt becomes invisible (riew-ifioon), appearing on the other 
sickoFtrie^sun af tTTanstiitable lapse pjLrirrreTft will obviously be worth 
scrutinizing the eastern horizon "Before dawn in the hope that Venus 
too will pass through the sun's glare and reappear on its western side. 
The observer's foresight and patience will eventually be rewarded. 
Low down in the east he will notice, shortly before dawn, a shining 
point of light which in a few minutes is rendered invisible by the rising 
sun. As the days pass he will notice that Venus is slightly farther from 
the sun when first seen and is consequently visible for a longer period 
of time. Day by day its angular distance from the sun increases. 

Unlike the moon, however, Venus does not recede continuously from 
the sun, eventually to approach it again from the opposite (eastern) 
side. When it has receded about 48 from the sun it stops in its west- 
ward pragress-andjbej^s^to retrace Its steps towards the' sun's west 
side. Eventually it is lost in the morning glare just as formerly, when 
Jfpevening s tar,' it was lost in the glare of the setting sun. 
mui!IkU8 V O1U, swin^^ckjind forth from the east of th^sunj^whci] 

i tiiiiiL. vi tiil >1 1 I"; ""i ir-*rm^glrt^^ star ') a ^2-^ 

Ijjjhhfi Mtfft WMIQ niorr This cycle isTepeatect endlessly. 'Mercury's motion 

is of exactly the same type. It differs from Venus in two respects: it 
never recedes as far from the sun as its brighter neighbor (the maxi- 
mum distance between Mercury and the sun is only 28), and it com- 
pletes its cycle of changes in a shorter period of time. Because of the 
first point of difference, it is in practice very much more difficult tc 
observe than Venus. Most people are familiar with the appearance oi 
Venus as the 'evening star,' but few who have not deliberately set out 
to do so have ever caught a glimpse of the fugitive Mercury. 

Thus we see that neither Venus nor Mercury can ever be in opposi- 
tion to the sun, as can the planets Mars, Jupiter, and Saturn. 

THE PLANETS AND THE ZODIAC 

Lastly, let an important point be noted. &LL the fiw plflnrfls arrron- 

a^^f^Zfidiar - T jik p J'^ af of the moon, their paths are neither 
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coincident with nor parallel to the ecliptic, but are inclined to it at small 
angles (all less than 9 since they never move out of the i8-wide 
zodiac) in the same way that the ecliptic is inclined to the equator. 

RECAPITULATION 

In the present chapter we have reviewed the main characteristics of 
the motions of the sun, moon, stars, and planets as they may be dis- 
cerned by elementary naked-eye observations. A number of facts 
have been omitted. The min and mnrmTtrrnrit, for instance,-moe^aj^- 
U&djLaiaif air^^ though the irregularities in these 

motions are neither so noticeable nor so important as those affecting 
the planets. Again, Polaris has not always marked, and will not always 
mark, even the approximate position of the north celestial pole. But 
to explain the growth of our astronomical knowledge step by step and 
yet to keep the account within manageable proportions one must 
inevitably omit less important points. All those facts that are stepping 
stones to the demonstration of further astronomical essentials have 
been included. 
These leading facts may be summarized as follows: 

1. The earth is approximately spherical and its size can be deter- 
mined with great accuracy. ^^ M ^^^^^^ 

2. Evei2^jataje^4^^ 

pkef^4'^ 




tne diurnal revolution of the body in question. 

3. The star sphere rotates as a coherent body between two poles the 
north and the south celestial poles. 

4. The stars are mere points of light and do not change their posi- 
tions relative to one another at any rate not noticeably within the 
period that can be covered by the observations of a single man. 

5. The period of the diurnal rotation of the star sphere being slightly 
shorter than twenty-four hours of solar time, the^ymry nppmi: t^ be 
moving fittfifiily w ^ g t3Kr Lr ^. one complete circuit being accomplished 
in a year. 

6. R^^ tnntigncJthc 



west-east motion. During the month it passes through a cycle of chases 
wmcn TTaT*been described. 

7. All the planets and the moon are confined, in their motion across 
the star sphere, to azjan^L^i^jdde. It is known ajjthe_zodiac, and 
placed centrally within it lies the ggliptjifc i.e. the yearly path traced out 
by the center of 
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ic i^li'r^ |- n fkm ^l^fjgl fqna..tr.r at RH angle of 

act th he snn isitirfr* .rr4i ^lt]lCiF^...Sti.ifrT4 : ^ 




2*2 1/7 






SIIP malrf > <j_j[f.<; \A/p.<;f-pn >f circuit o^--th^ star ^l 



piers fl 



one 



(This is the same as five, looked at from the reverse point of view.) 

10. Besides partaking of the east- west diurnal motion of the star 
sphere, the planets have proper motions of their own among the stars. 
In this respect they may be clearly divided into two groups: 

i. Mars, Jupiter, and Saturn. Their paths are looped, i.e. at times 
they are traveling not eastward, but westward. Nevertheless, their 
eastward motions always more than counterbalance their periodic 
retrograde motions. 

ii. Venus and Mercury. They ^&r-^.latejEr^"a Qn^ci'rlp of the sun 
to the otheir;lB(| do^pHexhibit the looping that characterizes group i. 

11. i. Jupiter requires a longer period for its circumambulation of 
the star sphere than Mars, and Saturn a longer period than either 
of them. 

ii. Meoii3LJ3MJ: ^ J^xdS^iX3J3^4he -sim .4~e>-geaf ^"^3Tsttmce as 
one osciljatjaa^ in a shojtjy^^tied of time. 



The problem is to liriTTsmgle hypothesis that explains this variety 
of observed appearances and/or facts. 



//. The Problem Solved: Real Motions 



The most obvious explanation of these phenomena is that the heavens 
as a whole revolve about a stationary earth in slightly under twenty- 
four hours, and that the sun, moon, and planets, while partaking of this 
motion, have in addition motions of their own, for the most part in the 
reverse direction. This possible explanation being the first to hand, it 
will be convenient to develop it in ways suggested by a more detailed 
consideration of the visible behavior of the sun, moon, planets, and 
stars, and to see whether it can be made to render a coherent and reason- 
able account of these. 

THE PTOLEMAIC UNIVERSE 

Such an investigation was made by Ptolemy (/?. c. A.D. 130), working 
along lines suggested by Hipparchus some three hundred years earlier. 
Ptolemy made three basic assumptions, the first two being dependent 
upon the obvious evidence of the senses and the third upon fallacious 
a priori reasoning: 

i. Since the celestial bodies appear to revolve about the earth, they 
do so yolve 

ii. Since the earth appears to be jinnjinnlpyi^jfjis motionless. 
iii. The circle is the most perfect figure, and jjierfiTf^-fh^rr1^ c ^-* 
bodies must mnvr irj nrhitis thnt IP* HthfT c ^F9l es r c ^ sc ^^ r ^r** 
r^uncted' of uTcTes. Furthermore, not to detract from this mystical 
perfection, their motions in their orjbdl^jiiu^tbe unif orrn they nt-- 
neither accelerate nor decelerate. 

Centrally placed in the universe lies the motionless earth. On tne 
confines of the universe are the stars. These are regarded as being 
equidistant from the earth and embedded in a giant sphere centered 
upon the earth, the star sphere. It is the rotation of this sphere that 

20 
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causes the diurnal motion of the stars. Within the space between the 
earth and the star sphere are situated seven other spheres,* each oi 
which bears an orbitf either of the sun, or the moon, or of a planet 
That the more distant bodies may not be obscured by the sphere* 
carrying the nearer, these spheres are regarded as composed of perfectl) 
transparent crystal. We have already seen that the sun and moon pursue 
direct, unfaltering courses across the heavens. Hence these bodies ma) 
be regarded as moving with a uniform velocity about circular, circum- 
terrestrial orbits. 
To explairjuthr ..pf rinHir JlmgiadiP4k^ 

mjeo^^ 

^EJffltek^ The planet does not itself move in a circular circumsolar 
orbit but about a second orbit, smaller but also circular; the center of 
this epicycle lies on the main orbit, or deferent, and travels uniformly 
around it (Fig. 9). Furthermore, the radius of the epicycle which 
connects each of the planets with its fictitious planet (i.e. the center of 
the epicycle the point that travels around the deferent) must be 
parallel to the line joining the earth and the sun. 

A moment's thought, and the study of Fig. 9, will show that such 
an arrangement will in fact impart to the planet an apparently looped 
motion, despite the fact that it is moving with uniform velocity in an 
orbit composed entirely of circles the 'perfect' figure. In copying in 
this way the particular motion of each individual planet, Ptolemy and 
subsequent astronomers experienced a good deal of difficulty, but it 
is easy to see that in general the plan will work. The planet's motion 
in that part of the epicycle marked by the letters a b will be observed 
as acceleratingly direct; from b c deceleratingly direct; at c it will 
appear to pause momentarily, and then from c d to move with in- 
creasing velocity in a retrograde direction; from d a its velocity will 
be on the decrease again, and at a itself the planet will be momentarily 
stationary. Then once more it begins its direct eastward motion. 

To see how Ptolemy accounted for the observed motions of Venus 
and Mercury, we must first comment upon his estimation of the rela- 
tive distances of the various celestial bodies from the earth. Of two 
bodies traveling with the same velocity, that which is nearer the ob- 
server will appear to be the faster moving. Thus, to an observer sitting 

*The crystal spheres were, strictly speaking, a feature of the Aristotelian system 
(which Ptolemy was seeking to reconcile with the observational facts), though 
he never explicitly disclaims them. 

t Actually, in most cases, a deferent: vide infra. 
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on an esplanade seat, the people strolling past at perhaps 2 m.p.h. move 
farther across the field of vision during a given interval than a ship on 
the horizon traveling at 2 m.p.h. or even 20 m.p.h. 

We have seen that, of all the celestial bodies, that which makes a 
complete circuit of the heavens to its original position in the shortest 
time is the moon: it circuits the star sphere in one month. Of those 



Planet 



Epicycle 




Deferent 



Figure 9. 

bodies that appear to swing back and forth on either side of the sun, 
Mercury moves more quickly than Venus and has the apparently 
smaller orbit; both of them complete one cycle from elongation to 
elongation in less than a year. Next comes the sun, which requires a 
full year to circuit the heavens; then Mars, Jupiter, and Saturn in 
that order. Ptolemy therefore concluded that the moon was the nearest 
body to the earth; then Mercury, then Venus, then the sun. Now since 
Mercury and Venus are limited in the distance that they may retreat 
from the sun, Ptolemy decided that the' motion of their epicycles must 
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be such that it is always possible to join their centers, the earth, and the 
sun by a single straight line. Their oscillations on either side of the sun 
would then result simply from their epicyclic revolution, one complete 
revolution being accomplished in the observed period. Figure 10 will 
show that if this condition is fulfilled, their epicyclic motions will in 
fact cause their observed motions. It will also demonstrate the interest- 
ing fact that Venus and Mercury, if they shine only by reflected light, 
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Figure 10. 
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can, under the Ptolemaic dispensation, never appear more than half 
illuminated to an observer on earth. 

A further device that Ptolemy was forced to introduce tied as he 
was by the twin considerations of explaining the observational facts 
while invoking none but 'perfect* circular motions was that known as 
movable eccentric^. This highly artificial arrangement consists of a 



butliesaJ^ the earth and the planet in ques 

""*J"' """ ..... irr ^ 1 ^i""'' l( *** 1J *"''" 1 " *'"*"" ' ^****"*l^te>,^,^. wk w<VM, fl j,<i,"i".--'iiM, ,-(in_ w**wwww|~ "''"" """' f "' '**""""'"'* 

Uojn^Thus the earth was not, after all, at the center of the universe 
though it was admittedly nearer to it than any other body. 
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This, in general outline, is Ptolemy's geocentric theory of the structure 
of the solar system. Up to a point it works admirably. But as it became 
possible to make more and more accurate measurements of the posi- 
tions of the sun, moon, and planets it was found that the model, as it 
stood, did not exactly represent the observed phenomena. In fact, the 
sun, moon, and planets do not move exactly as they should were 
Ptolemy's account of their relative positions and orbits correct. Con- 
sequently, the theory had to be patched up, and the more accurate 
astronomical observation became, the more drastic had the patching 
to be. 

First, it was found sufficient to elaborate and proliferate the movable 
eccentrics, applying them also to the epicycles. But the tale of woe did 
not end there. Still the observed positions of the planets did not agree 
with the theoretical positions (derived from the application of Ptolemy's 
hypothesis), and it became necessary to acid further epicycles. Instead 
of a planet's moving around an epicycle moving around a deferent 
which many people will think a sufficiently complicated and unnatural 
arrangement the planet was supposed to move around an epicycle 
which itself moved around an epicycle which in turn moved around 
an epicycle . . . which moved around a rlf-JWpnf 522J2J^ P n nmh pr f 
eij^J^ft~t^ and 

^^ 5 ^v^*^/ic hypothesis had become one of literally inconceivable 
complexity. 

More fatal to its chances of being true than its superficial complexity 
was the fact that its complexity was not of the type that rests upon a 
fundamental simplicity or unity it was impossible to formulate any 
general laws regulating the behavior of the bodies concerned. Each 
individual body had to be given individual attention, and it was not 
possible to relate the mass of particular variations and idiosyncrasies 
to a single elementary hypothesis. To account for the observations of 
each planetary motion it became necessary to employ a separate and 
highly complicated piece of juggling with the relative lengths of the 
radii of the epicycles (with additional new epicycles if required), with 
the velocity of the planet about its epicycle and of the epicycles around 
one another and around the deferent, and also with the degree of 
eccentricity of the epicycles and deferent. And then the publication of 
a newer and more accurate set of observations would necessitate still 
more juggling, still more 'saving of the phenomena.' That the mechanics 
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of the heliocentric cosmology to be described presently are based 
upon a single, simple hypothesis (as Newton showed), the apparent 
complexity of which is owing to the manifestation under the varying 
conditions of this single hypothesis, is perhaps the most impressive 
argument in support of the heliocentric theory. 

THE GEOCENTRIC HYPOTHESIS REFUTED 

Since this is not a strictly historical survey, it is unnecessary to follow 
step by step the overthrow of the geocentric hypothesis. It will be 
enough to consider certain of its essential implications and then to show 
that these are not substantiated by observational data. For this the fol- 
lowing points will be sufficient: 

i. The solar system consists of a number of nearly concentric crystal 
spheres which contain the sun, moon, and planets or their deferents. 

ii. Neither Venus nor Mercury, supposing they were large enough 
to have sensible disks (the telescope was, of course, not invented till 
long after Ptolemy's day), could ever show more than a single 
hemisphere illuminated by the sun.* 

iii. The earth is motionless upon its axis. 

iv. The earth has no orbital motion; on the contrary, it is the sun, 
together with the rest of the solar system, which revolves about it. 

THE CRYSTAL SPHERES 

Points (ii), (iii), and (iv) are essential to the hypothesis. If it can be 
demonstrated that they are false, the hypothesis falls to the ground. 
Point (i) is not essential since there is no evidence to show that the 
deferents are not unsupported in space. Nevertheless, it was this point 
that was first called into question, and its failure to stand up to ex- 
amination marked the beginning of the overthrow of the entire hypoth- 
esis. In the sixteenth century the Danish astronomer Tycho Brahe 
was able, from his observations of comets, to demonstrate conclusively 
that these objects pass freely to and fro through the space supposed to 
be occupied by the crystal spheres. The spheres, as material objects, 
clearly did not exist. 

THE PHASES OF VENUS 

More accurate observations this time made by Galileo, armed with 
the recently invented telescope then showed that Venus passes through 

*That is to say they would never show an apparent phase greater than 'half 
moon.' 
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a complete series of phases exactly similar to those of the moon; the 
same was later shown of Mercury. It is clear, again, that Ptolemy was 
in error, at least as regards the relative positions of the earth, the sun, 
Venus, and Mercury. 

ROTATION OF THE EARTH 



the geocentric system (disregarding the irrational 
assumption that the circle is the 'perfect' figure and that therefore the 
planetary orbits must be circles or composed of circles) is that the earfh 
. It is this conception that makes the whoI?T6rYlpiitaLec3 



system of epicycles and circumterrestrial motions necessary. Once it is 
shown that the earth moves that it rotates on its axis, or revolves 
about the sun, for instance the basic assumption of the hypothesis is 
demonstrated to be false. Thenceforward we may legitimately look for 
a hypothesisjjia^gives a more natural and universal explanation of 
the facts, f >^ .^ 

I n^ 1 85 1 i FOTJJC qufc/de vi sed an experiment that established once and 
for all the raefr-tfiat the earth rotates on its axis. If a heavy weight is 
suspended by a considerable length of wire, no rotation of the support 
to which the wire is attached will alter the plane in which the weight 
is set swinging. Suppose that the wire is fixed to a movable beam in 
the roof of a lofty hall and that the weight is set swinging accurately 
north and south. Suppose, too, that at the outset of the experiment the 
beam also lies along a north-south line. Then if it is rotated slowly 
through 90, so that it is now lying east-west, it will be found that the 
pendulum is still swinging north-south. Further rotation of the beam 
has no more effect : ho.wx.yer the support^ is rotated, the ^ j^enduji i m 
3JwjY^swmjgs in the plane in which it is started. The reason for this 
is that it is easier for the wire to twist* than for the heavy weight to 
alter its direction of swing. 

Here, then, in the immovable plane of the swing of a freely sus- 
pended pendulum, we have something not provided by the stars a 
reference system which we know to have no motion of its own. When 
we see the stars apparently moving around the earth there is no a priori 
means of knowing whether the stars are really moving from east to west 
or whether the earth is rotating from west to east: the two motions 
would result in the same appearance. But the pendulum always swings 
in the same plane in space, and therefore if we find that the epri-h 

*If the bearing is frictionless, or practically so, even the torsion of the wire is 
eliminated. 
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appears to move rcjativgj&ut (or vice versa, it is the same thing) we 

not the plane of swing, that is 
changing its position. 
^^ 






high rooLof 



t ' ie ^ ower 



bob he attached a 

pointer of just the right length to scratch a groove in a tray of sand 
on the floor as it swung; in this way the direction of each swing could 
be recorded. After the pendulum had been swinging a few minutes, 
the startling discovery (it would at any rate have startled Ptolemy) 
was made that the directioxijir ilm fiwin^ wi 1 . 'ilnwly 'lidiiiLUJM ir ^' V( 
frj-thf* w.ilh of thr roam; kfi plnnr,jfl&lJH^ knowjthat 

tpjs cannot be so. Hence it must be the earth ^aTls mta'ting and 
frying the Pantheon jp&drtfiirtfyy of sand with jj:. If -the pendulum 

"Tane" 




provides satisfactory evidence that the apparent diurnal rotation 
of the star sphere may be due to the earth's, rotation inihe reverse 
cst to cast There are ^everaj^tjti^ 

ne ofdieiriwas suggested by 
Newton in 1679: If the earth is at rest and _a_wcighLJ&jdrnnncH fcom 
a ITPJ^N :=: ^ a lon^j rlfv?^ r - g ^?^ 1r<" " say iuyill l ar> d at a point 
vertically^ below the point of release. But suppose that the earth is rotat- 
ingjirom ^jeai^to castTNn that case the top ^Fjhg ^stiaft^Wilt tiSvc a 
slightly greater sp^H Jattat^-d 36 ea^_lhan ...... tncttom since ^ 




Hence the weight, since it will 
retain its eastward speed, will land at a point slightly to thf ra g t of th^ 
pornt verrjiQllv hflow t^^ paint ni r^l^fjgf The effects of air resistance 
complicate the actual observational results, but the results obtained 
from a number of experiments are in accord with the result predicted 
on the assumption that the earth is rotating. 

It is clear, therefore, that we are not compelled to hypothesize a 
stellar universe rotating daily about a central and stationary eartK^-A 
spmnina^eai^h will jp.Yjsxactly the same appearance of rotation to the 
star spnere, tngS^i^necessarny ip,,-the r ^^!2^I^^SF' - ^^ st P e P^ e 



time in their lives, been seated at the window of a rail- 
road train that is standing in a station with another train standing close 
beside it. They observe that the near-by train appears to move and are 
unable to determine, merely from visual observation of the side of the 
other train, which of the two is actually in motion. Not only is the 



THE PROBLEM SOLVED: REAL MOTIONS 37 

conclusion that the earth is rotating on its axis a great advance upon 
Ptolemy's hypothesis from the point of view of simplicity and economy 
of means, but it is categorically forced upon us by experimental evi- 
dence, such as that mentioned above. 

EFFECTS OF THE TERRESTRIAL ROTATION 

There is a further aspect of terrestrial motion that we have not yet con- 
sidered: the earth, we, hav& learned, rotates on its axis in a period of 
t^ven ty i.f m i r hours; does evidence exist of motion in any direction other 
than this? Since the earth undeniably feels and appears to be at rest, 
yet equally undeniably is in motion about its axis, we need feel neither 
outraged nor surprised should we discover any such evidence. 

The ancients, refusing to believe that the apparently solid, unmoved, 
and immovable earth could be in rotation, were forced to read the 
effects of this rotation into the external universe. Let us reverse this 
process, deducting the effects of the earth's rotation from the apparent 
motions of the heavenly bodies, and see what is left. Let us, in fact, 
suppose that the earth's axial movement is arrested, and that (for 
simplicity) this occurs on either 21 March or 23 September, the vernal 
or the autumnal equinox. 

Thenceforward the sun will be alternately above and below the 
horizon for six-monthly periods. It will proceed steadily and slowly 
eastward across the sky, spending, as we have seen, one month in each 
of the signs of the zodiac. Only its diurnal east-west motion will have 
been eliminated. In the same way, the moon and planets will perform 
their west-east motions, the moon passing through its phases and the 
planets pursuing their looped or back-and-forth motions, undisturbed 
by daily risings in the east and settings in the west. 

It will be seen that we have only eliminated the appearance of the 
daily rotation of the heavenly bodies about the earth, not their slower 
rotation yearly in the case of the sun, longer for Mars, Jupiter, and 
Saturn. The question we must now try to answer is, is this motion 
really inherent in the bodies concerned or is it the effect of another 
and as yet undiscovered terrestrial motion? Are these bodies really 
revolving about the earth in their different periods? 

THE ABERRATION OF STARLIGHT 

The final and ineluctable answer to these questions was provided by 
Bradley, the then Astronomer Royal, in 1727. It is a commonplace 
that although a heavy downfall of rain, falling vertically on a windless 
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day, strikes a man on the top of his head as long as he stands still, yet 
it strikes his face once he starts to walk or run forward. Everyone 
who has tilted his umbrella forward as he hurries for shelter is well 
aware of this fact. Again, the vertically falling rain seen from inside 
a stationary railroad car does indeed appear to be falling vertically; 




Figure n. 
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but when the train is in motion the falling drops are seen to cross the 
window from the upper forward corner toward the lower rear (Fig. n 

(i) and (ii). jr^^j^5 pr fha iitirnin iff. TTIf? vin Si thp far f hfir .JTPffli the 
does the direction of the downj 



Efferent example will help to show why it is that the apparent 
direction from which the rain is coming is deflected toward the direc- 
tion of the observer's motion. Figure 11 (iii) illustrates a rigid tube 
standing upright in our vertically falling rain storm. A drop entering 
the center of its mouth will fall axially down the tube and strike the 
base centrally. Now let us suppose that during the time that the drop 
is falling from X to the bottom of the tube, the tube itself has moved 
horizontally through a distance equal to half its diameter. While the 
drop is falling from X toward C, C has moved away to its right and 
its place has been taken by D. Consequently the drop will have fallen 
slantwise down the tube from X to D (Fig. n (iv), (v) ). If we wish 
to pj^ventthis slantwise motion ^ 

ftnij vrti Trmtvf ti 1 1 th r J r ^be < over until 
its M/k<j 3^ p' 3ral H tfl KPr 3ft.in.FigiiiiT.L{ V1 ') ; m other words we must 
draw back the bottom of the tube by an amount equal to the tube's 
horizontal motion during the interval required by the drop to pass 
down it. This .is of course what the pedestrian does when he tilts his 
protect his face : againstjiislraia which is^ falling 

m 
Tt"can now be seen that the morerapidly the tube ismoveth across 

the direction of the rainfall, the farther back must the lower end of 
the tube be drawn in order to keep the drops traveling within it 
parallel to its axis. In other words, the apparent displacement of the 
direction from which the rain is coming depends upon the relative 
speeds of the tube in the horizontal plane and the rain in the vertical 
plane. In Fig. n (vii) the drops fall from A to B in the same time that 
the tube moves from C to B, the drop thus being kept in the axis of 
the tube. Clearly then, the distances AB and CB are proportionate 
respectively to the velocity of the rain and of the tube. If we write c for 
the former and z> for the latter, we have 



and a, the tilt of the tube, is given by 



v 

tan <*=- 
c 
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showing clearly that the apparent displacement of the direction from 
which the rain is falling depends on the relative velocities of the tube 
and the rain. When c is very large compared with v, the displacement 
will be small, and vice versa. 

rirE EARTH'S ORBITAL MOTION 

The reader may well be wondering what all-^tnfii has to do with the 

astronomical status of the earth. The connection ilthis: if for our tube 



we substitute a telescope, and for the rainjdrops a ray ofJ^gE^T we 
encounter li similarphehomenon. Just as the motion of the tube, or of 
the walker in theTamTTTrafes rain coming from X appear to come 



from Y, so motion of the telescope toward B makes the light from, say, 
a star whose true direction is BX appear to come from the direction 
CY; in other words, the^ttfl^jy2gaj|sjxj3edi|nL^ 

Such anen?c^W^^^^^sult from the combined motions of what 
for the moment we shall call the light rays, and of the telescope. The 
Danish astronomer Romer had demonstrated as early as 1675 that light 
travels with a finite, though very great, velocity.* But what of the 
required motion of the telescope ? Since it is at rest relative to the earth, 
the earth itself must necessarily be moving. Let us suppose for the sake 
of argument that the earth is traveling in a circular orbit about the sun; 
then deduce from our previous experience of the tube and the umbrella 
what the nature of the resultant stellar displacements would be; and, 
finally, compare these with the observed displacements. If the two tally, 
we have a convincing proof of a terrestrial motion in an orbit about 
the sun. 

Figures 12 (i) and (ii) represent this hypothetical orbit, at the center 
of which (not shown) lies the sun; the four positions, A, B, C, and D 
are those which the earth would occupy at three-monthly intervals. To 
be quite sure of our ground, let us once again refer to the results of our 
experiments: (i) if the motion^ of jite. trie scope is inclined to the light 
rays, the source of the latter wiHajgpejyQp_^ in the direction 

of the telescope's moTIonTTri) if the telescope mDvesin the direction 

r rr"-T-~ ^ .1- *^1\^rt****Lj!>^^ 

or the lieht Jyaves. tnt souixe will sufrer naursplacemenF; it, in bis:. 

-^^<^L^^^^ i i 

ii (111), the tube were moved vertically upward or downward, the drops 

would still fall parallel with its axis. 

Returning to Fig. 12 (i), we shall suppose that there is a star in the 
direction AS at right angles to the plane of the orbit; to make the 

*See p. 214. 
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diagram clearer, the plane is drawn in, though it, of course, has no 
material existence. Owing to the phenomenon of aberration, the earth 
moving toward B, the star will appear to lie in the direction AS'; at B 
it will appear to be displaced outward from the page since the earth at 
this point is moving toward the reader; from C it will appear to lie in 
the direction CS', displaced toward the right; and at D it will be dis- 
placed 'into the page,' since the earth is here moving directly away from 





A 




(ii) 
Figure 12. 

the reader. The star, in fact, will in one year appear to describe a small 
circle on the star sphere, a minute replica of the earth's orbit. 

But consider (Fig. 12 (ii) ), a second star lying not at the pole of 
the orbit, but in its plane. From A it lies in the direction AS, and since 
the earth is moving toward S, it will also appear to lie in this direction, 
that is, it will not be displaced. At B, the earth is approaching us 'out 
of the page' and the star will appear to be similarly displaced toward S'. 
At C, the earth is moving directly away from the star, which will again 
be undisplaced. Finally, at D, the star will appear to be displaced 'into 
the page' in the direction DS', It has thus in the course of one year 
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moved back and forth over a straight line from a central undisplaced 
position (earth at A) to maximum displacement 'out of the page' (earth 
at 5), back to the undisplaced position (earth at C), and on to maxi- 
mum displacement 'into the page* (earth at D), ending up again with 
no displacement (earth at A, whence it started). A moment's thought 
will show: (i) the nearer a star is to the pole of the orbit, the more 
closely will its aberrational displacement approximate to a true circle, 
while the nearer it is to the plane of the orbit, the more elliptical will 
it become, until in the plane itself it will have been flattened completely 




Figure 13. 

to a straight line (Fig. 13) ; (ii) in every case the major axis of the 
ellipse must be parallel to the plane of the orbit. 

Now if, as we are supposing, ABCD is the earth's circumsolar orbit, 
the intersection of the plane of this orbit produced to meet the star 
sphere will be the ecliptic, for in looking at the sun (i.e. in looking at a 
point on the ecliptic) the terrestrial observer must necessarily employ a 
line of sight that lies in the plane of the earth's heliocentric orbit. Thus, 

from A the sun's position on the star sphere will be beyond C, 
from B the sun's position on the star sphere will be beyond D, 
from C the sun's position on the star sphere will be beyond A, 
from D the sun's position on the star sphere will be beyond B, 
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and one revolution of the earth about the sun will result in the sun's 
making a complete apparent circuit of the star sphere. 

Therefore Fig. 13 (i) should represent the annual aberrational dis- 
placement of a star at the pole of the ecliptic, (ii) of a star midway 
between the pole and the ecliptic, and (iii) of a star lying on the ecliptic. 
JBradley, j&ith the aid nf tplpsrqpfc pqiTJpnirm H?niH t" 1K n pl*T, 
showed that the stars do actually exhibit annual displacements of this 
character, and thus clinched for all time the heliocentric argument. 
s about the suru* 



EFFECTS OF THE EARTH*S ORBITAL MOTION 

Here, then, is an entirely new (and, so far, much more promising) 
foundation for our speculations and deductions concerning the observa- 
tional facts outlined in the last chapter. We do not have to go right back 
to the beginning, to the Ptolemaic hypothesis in its entirety, for the 
basis of our reconstruction, since we have already discovered that the 
earth possesses a motion of axial rotation and have reasoned how this 
rotation must affect the apparent motions of the heavenly bodies. 
Subtracting the ejlectjg^ 

<&a$j^^ 
plctiag Qflg cifswtHH ...... a ..... year. Now exactly this effect will be 

produced if the earth revolves about the sun in a period of one year. 
In Fig. 14 the inner circle represents the earth's orbit, the sun being 
centrally placed within it, and the outer circle the star sphere (or, more 
accurately, a section of it, which is the ecliptic) against which the sun is 
projected. When the earth is in position e l the sun appears to be at a 
point on the star sphere marked by the symbol S^ when the earth has 
moved to e 2 the sun appears to be at 5 2 ; when at e 39 at 5 3 . By the time 
the earth has completed a quarter-revolution the sun will be at S 4 , hav- 
ing also completed one quarter of its entire yearly circuit of the ecliptic. 



THE JHELIQ^EN T1PTn "vpnTHUJH, AXTr> THE FOUR-MINUTE 
DISCREPANCY 

One further point connected with the apparent motion of the sun 
must be cleared up. It will be remembered that every star culminates 
four minutes earlier each night. We may express this fact in a dif- 

*Two further phenomena which are only explicable in terms of the heliocentric 
hypothesis the parallactic motions of the stars, and certain periodic shifts in 
stellar spectra will be described later. At this juncture, the aberration of starlight 
is sufficient to establish the earth's heliocentric motion. 
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ferent way by saying that the JSK 

is sligTitly^shorter than 

tllC M|iMi I \ ~-^jfe^jp*^*fr-*^aa.^m*m*i^^" mmm mm -^^^^J^w. ^J^^T'''** 1 *' 1 '*^ 

^f&t^^L^^tytns) . This discrepancyS<"simply accounted for on 
the assumption that f !l? r n _''^jl i? ^Tin^'nig round tke gwyg[[jjli th^ r^ilf 
thai the sun appears tofbe slgwly 



to 



In fact 



this is just what we should expect to find were the earth truly revolving 

S* 




Figure 14. 

about the sun. Figure 15 (which, to make the demonstration clearer, 
is not drawn to scale) represents the sun, the earth's orbit, and the earth 
in two positions in that orbit. These two positions are those that would 
be assumed at each end of a time interval of twenty-four sidereal 
hours the period of one complete axial rotation. In the first position 
an observer at a sees the sun on hisjpmdi^^ that an 

observer at b, in the antipodes, sees a certain star on his. But when 
the earth has completed one rotation its orbiFal motion has changed its 
spatial position and therefore the direction of the sun, but not that of 
the incomparably more distant star. The result is that when the night- 
side observer, now at ', sees his star on the meridian (the figure shows 
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the earth and the two observers at this moment) the day-side observer, 
now at a', observes the sun still to the east of his meridian. The sun 
will not culminate until the earth has rotated a little further through 

the angle 0, in fact. Henrp tkp jnfprval K^fween siirrppsi'vf riilrninatinns 

of the snn is a little Inngrr tK?"7 thnt hrfw^n- c "^^ cc; vrfjilmijiT al> * rt r >c of 
the stai^. Actually, the time required for the earth to rotate through 
the angle is about four minutes. Hpgrp t-1-ip gnlar _jay jn mmr fnnr 
minutes longer than the sidereal rhyj thft diftgirepnnfiv being cau^iLbv 
the earth's orbital mn|ion. 





Figure 15. 



THE LUNAR MOTION 

The moon appears to circle around the earth in a period of one month. 
Can it be that the earth is really revolving round the moon ? The answer 
must be negative, because if the moon is revolving steadily around the 
sun, and the earth around the moon, then the sun would appear to 
move across the sky in a series of loops, just as the epicyclic motion of 
the planets in Ptolemy's model gave them a looping motion. If, how- 
ever, we suppose that the moon revolves about the earth, and the earth 
about the sun in a simple circular orbit, this difficulty vanishes. Thg 
moon, then.jetaj.ns _jts Ptolemaic &ajjisjjt ifi a - 
revolveTal 



4 6 
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EXPLANATION OF THE LUNAR PHASES 



In this way, too, the lunar phases are simply accounted for.* When 
the moon (Fig. 16) is in position a in its orbit, it is invisible; for not 
only is it so near to the sun in the sky that it is swamped in the latter's 



I I I I 



Light from Sun 




Figure 16. The hemisphere of the moon facing the earth is stippled. The hemi- 
sphere on which the sun is not shining is shaded. 

glare, but its illuminated hemisphere is turned directly away from the 
earth. A few days later it has moved to b and is then far enough 
(angularly) from the sun for a narrow crescent of the illuminated 
hemisphere to be seen from the earth. At c it has moved round one 

*Though this in itself is no advance, since they were also accounted for in the 
Ptolemaic system. 



THE PROBLEM SOLVED : REAL MOTIONS 47 

quarter of its orbit and, as can be seen from the diagram, is dicho- 
tomized as observed from the earth. A week later it has re.ar.fr g<j d when 
it will beJaH, its ill imunjttcdjicmisphere bcinV turned directly toward 
t]ic_ earth: as seen from the moon, the earth and sun are both in the 
same direction. Three weeks after new it will be at e and will once more 
be dichotomized. But now the left-hand, or eastern, half of its disk is 
illuminated, whereas at the end of the first week it was the right-hand, 
or west, side. This, as will be remembered from our account of the 
monthly apparent behavior of the moon, exactly fits the facts. Finally, 
toward the end of the fourth week, it is once more a narrow sickle; 
the east (left-hand) side being illuminated, whereas at b it was the west. 

THE HELIOCENTRIC HYPOTHESIS AND THE OUTER PLANETS 

We saw in the last chapter that the planets Mars, Jupiter, and Saturn 
make complete circuits of the star sphere. And since the periods in 
which they do so are all longer than that in which the sun appears to 
make one circuit (i.e. one year) it follows that it is possible for any of 
these planets to be in that part of the zodiac that is diametrically 
opposite to that containing the sun. That is, they may culminate at 
midnight. Thus it is possible for any of them to be in Aries, for in- 
stance, when the sun is in Libra (Fig. 14). But when the sun is in 
Libra the earth is in position e 5 approximately. It is obvious that if one 
of these planets is to be between the earth and that part of the star 
sphere opposed to the sun, then it cannot be between the earth and the 
sun. The orbits of Mars, Jupiter, and Saturn, in fact, must lie outside 
the orbit of the earth. And since their apparent velocities across the star 
sphere, and hence their periods of revolution, can be used to gauge 
their relative distances, we may conclude that the relative positions of 
their orbits to that of the earth are as shown in Fig. 17. 

Regarding the planets Mars^Jugitcr, ^nd^Saturn, therefore, our 
hypothesis requires that 



nTTi^ of 



iii. It E^lfs. 1nng^ r ^ r i^*** 4 ^ ' | jvrrgr-i4rer"lnn^ it 

LjJ^ 



Assuming that this is so, can we account for their apparent looping 
motions as projected against the star sphere? The answejJ&JJaat we 
can, quitejimpty^a^ wiA^aiLhajdD^LfQOcairsp Jo any 

complicated 
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Figure 18 shows the orbits of the earth and of some outer planet 
(Mars, for example), with both orbits assumed to be circular and with 
the two bodies in corresponding positions in their respective orbits. 
When the earth is at e l9 Mars is at m^ when at e^ Mars is at m 29 and 
so on. These positions are marked on the diagram according to our 
maxim that the earth revolves about the sun in a shorter time than any 
of the outer planets. The apparent motion of Marj upon the star sphere 




Figure 17. 

h - nearly fhg resultant of its own orbital 
server's motion on the terrestrial orbit. This apparent motion is shown 
Dnthe outermost circle, which represents the distant starry background 
against which Mars is, to a terrestrial observer, projected. It will be 
seen that at first Mars appears to be moving in a direct west-east direc- 
tion, but with decreasing speed; the interval Mi-M 2 being longer than 
M 2 -M 3 , which in turn is longer than M 3 -M 4 . At position 5 it appears 
to pause, and then doubles back in its tracks to position 6; this restro- 
grade (east-west) motion continues as far as position 7, when the planet 
again appears to pause, being for a short time stationary on the star 
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sphere. Then it resumes its direct motion, passing eastward through 
8, 9, io ? and n with increasing speed. This accounts for the direct and 
retrograde motions which are observed for the outer planets. By a 
further assumption that the planes containing the orbit of the earth 
and the orbit of the planet are slightly inclined to each other, the looped 
motion shown in Fig. 8 can be expl a i n cA . 



p earth's circumsolar motion unonJ-tuiiLof an outer olanet ig t-n 




position thc^uter plaqet .is* 



that is in that portion 
y the sun) and in this 
. The explanation of the 
looped motion in terms of a heliocentric system is more satisfactory 
than that of Ptolemy. It is more satisfactory because it is simpler, 
eliminating the necessity for complex and quite arbitrary epicyclic 
gearing. 

THE HELIOCENTRIC HYPOTHESIS AND THE INNER PLANETS 

Early in our observations we found that the planets had to be divided 
into two groups, the dissimilarity between the members of which is 
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manifested in their completely dissimilar apparent motions. Since one 
group consists of those planets (Mars, Jupiter, and Saturn) that we 
now know to lie farther from the sun than the earth, we might make 
a guess at the nature of the other group and say thatJ^nu^ H , J aQd.. M Mg--- 

We can establish this result 



by better methods than hit-or-miss guessing. Three bits of observational 
evidence point to this conclusion: 

i. We have seen that if a planeLJTiY n 1 ws -^Utjjy cnn 1>n m ng ^ t 
more H i stajiHFrnrnjh^ th^. pf ...thq ea^tb_en.JLjn 1 1 st ...at H mes 

is to say be inj^os^t^ 



this position the angle measured at the earth between the planet and 
the sun (defined ailh&jy^j^ Venus and 

Mercury can never occupy these positions at midnight since their maxi- 
mum f^flflfifln 55 are Ijn'ted ro 8 m the case 



of Mercury. Hence they cannot be farther from the sun than is 
the earth. 

ii. From time to4Me~b)th Venus and Mercury transit the sun; that 
is, they are ol^^mLj~^soss the sun's disk. When in transit Venus is 
visible to Jth^lBkodJb^(if the eye is shielded with a dark glass) as a 
snaalljblack dot moving across the face of the sun. Now a glance at 
Fig. 17 will showTFiar*iinder no circumstances could an outer planet 
ever be in a position between the earth and the sun. Hence Venus and 
Mercury must move in orbits situated between that of the earth and the 
sun itself. 

iii. Figure 19 is drawn to represent the orbits of the earth and an inner 
planet, with both orbits assumed to be circular. The points ei, <? 2 , e s , et 
cetera indicate positions of the earth corresponding in time to positions 
of the inner planet represented by pi, p 2 , p 39 et cetera. The position of the 
sun is indicated by S. The positions <?i and pi show the inner planet at 
maximum eastern elongation with the angle Sp! e^ equal to 90. Since 
the illuminated face of a planet must always be directed toward the 
sun, the apparent phase of the inner planet at maximum elongation 
will be that of 'half -moon' or, in other words, the planet is dichotomized. 
As the earth and the planet move along in their orbits, the apparent 
phase of the planet will become crescent. The crescent will diminish 
as the earth and the planet move along until the planet disappears in 
the glare of the sun. At a niflt |y**" f n and ^ f ^ p planer will HP in 
infrri/tr ppnjnn^JQn 'wjfh tKf* <j|]|^ and would appear to be in 'new phase* 
if it could be seen at all. At inferior conjunction a transit of the sun 
by an inner planet may occur. The planet will next make its appearance 
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west of the sun and will be in a narrow crescent phase. This crescent 
will increase in size until maximum western elongation is reached, at 
a point between <? 3 and <? 4 , and the planet will again be dichotomized. 
From this point the western elongation will decrease, but the phase of 
the planet will increase until the planet is again lost in the glare of the 
sun. Superior conjunction will occur at a point between <? fi ^n^ rm "^ 



17 



16 




Figure 19. 

at thi^jjme ^e pkpct will appear j,n full pb 00 ^- The planet next appears 
east of the sun and the gibbous phase steadily decreases until greatest 
eastern elongation is reached, at a point between e 7 and e s> where the 
planet is again dichotomized. To the naked eye neither Venus nor 
Mercury exhibits the complete phase cycle described above, although 
the apparent brightness of either planet does vary with change of 
elongation. The fact that these phases 'were not visible without tele- 
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scopic aid prevented Ptolemy and his immediate successors from detect- 
ing an important error of his system, in which an inner planet could 
never exhibit any phase greater than 'half -moon.' It was not until the 
seventeenth century that Galileo first observed the phases of Venus 
through a telescope and thus provided strong evidence for the validity 
of the heliocentric hypothesis. 

In regard to the relative positions of Mercury and Venus, we may 
now confidently assert that Mercury is closer to the sun than Venus. 
The mnYimyrq Hnnrarifrn rf ^^l^xil^ty 9 ^ wK/ar sas Vcnil? ..ID2I 
-ecede to 48 fr^m f ^ <;11T 1. or n ^arly. twirr ^s far 

Projection of the lines connecting the simultaneous positions of the 
earth and the inner planet to the star sphere will indicate that an inner 
planet has both direct and retrograde motion. In Fig. 19 this motion is 
indicated on the outer edge. By making the further assumption that 
the plane containing the orbit of the inner planet is inclined to the plane 
containing the orbit of the earth we can show that the inner planets, as 
well as the outer, move across the star sphere with a looped motion as 
shown in Fig. 8. Furthermore the retrograde motion of the inner planet 
occurs when the planet is close to inferior conjunction, or, in other 
words, when it is closest to the earth. 

DIURNAL MOTIONS OF THE PLANETS EXPLAINED 

So far, we have only considered the annual motions of the planets, but 
there is the discrepancy between the diurnal period of each of the 
planets and that of the stars, which we discovered when making the 
observations recorded in the last chapter. It will be clear by now that 
this discrepancy between the time interval separating successive culmin- 
ations of a star and of any of the planets is due to two factors the 
earth's orbital motion and that of the planet. Whenjts orbital motion 
is carrying an outer planejMgastwardjLmgqg.the stars, w i tn ffln apparent 
velocity tkaLJ&..partlv~jdte*ffii^ uire 

longer than the stars to complete one diurnal revolution. But ? j\vhe_n 
}(and the apparent retrogressions of the outer planets are 
due entireljTto the earth's orbital motion) 

culminations in a- period 



56m. required^ Jsy^he^ star sphere. In the same way the apparent 
motionToTtlie^nner planets among the stars cause a small difference 
between their diurnal periods and that of the stars, and the apparent 
motions are due both to the orbital motions of the inner planets them- 
selves and also to the orbital motion of the earth. 
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THE COPERNICAN COSMOLOGY 

The concept of a heliocentric system goes back for something more 
than 3000 years, for we find Pythagoras and other philosophers of 
ancient Greece, as well as philosophers of the countries east of the 
Mediterranean, speculating about the possibilities of a heliocentric sys- 
tem of planets and a rotating earth. However, the philosophy of 
Aristotle, with its geocentric universe and its perfect curves (circles), 
carried far too much weight. This formed the basis for the so-called 
Ptolemaic system and later became the authority and dogma of the 
Church.^ 

all a 



hrramr rnre>A tW tk/Tciir. o nr | nn t i-Vn* .earfVC^ the 

r^. 



^ f^j^jf_the_solar^.strm rrvnlvrH He af?Srealized 
that the apparent diurnal revolutions of the stars and planets could be 
explained on the basis of a rotation of the earth on an axis just as easily 
as by a rotation of the star sphere itself. TLkklOns^^ of 

the system from the earth ( to_ the sun was as far as he, acfevoiif cKufcrP 
man, fefiTI^^ retain^ 

Ar ist^ljm4^ 

planetsjmist move in circles. Try as he would he could not satisfy all 
of the available observationarmaterial on the simple assumption that all 
planetary motions were in circles centered on the sun. He was forced 
to introduce a few epicycles and to assume that the circular planetary 
orbits themselves were not exactly centered on the sun. 



KEPLER 



The years immediately following the publication of the Copernican 
hypothesis were exciting ones to all persons who had any interest in 
the universe in which they lived. AJew ^were^wjilm the 

break with Aristotelian philosophy that the hypothesis required, but the 
greaTltnajority sought eVr7iFstryTorT - 75urn to the older doctrines. 
Arr^ns^ssSL3^ Tych.0 Brahs ,.,{1546-1601), the eldest son of a wealthy 
Danish nobleman. Tycho was sent to the University of Copenhagen 
to study law but he became interested in astronomy. He could not ac- 
cept the new hypothesis and set to work to prove that it was wrong, not 
by philosophical reasoning, but by means of accurate observations of 

^Copernicus (Nikolaus Kopernicki 1473-1543), a Polish churchman, completed 
the publication of the first complete account of the heliocentric hypothesis in 
De revolutionibus caelestium during the last years of his life. 
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the planets. Tycho_.yas never successful in the development of astro- 
nomical theories, but as an instrumenLdcsigner and as a careful observer 
hJ!r.n 3 without nn ngunl His first instruments yielded data of an ac- 
curacy never before attained and his zeal attracted the attention of the 
Danish king. Under royal grants IE#dlQjbl^ first real astro- 

Jiomied~t>bsJ^atQiy_at Uraniburg in 1576. He spent ffie^next fifteen 
years tirelessly collecting observational data regarding the planets, but 
was never able to publish any truly satisfactory theory regarding plane- 
tary motions. Eventually he incurred the wrath of the King of Denmark 
and was banished from his native land. He wandered all over Europe, 
carrying with him his previously collected data and setting up portable 
instruments to make further observations whenever opportunity pre- 
sented itself. At this time Emperor Rudolph wanted an accurate set of 
tables of planetary motions for use by astrologers, and in 1599 he invited 
Tycho to come to Etague. Tjjgr^J^^jQae ^nd tlm mmiqc 



(1571-1630) was born of humble parentage in 
Wiirttemberg. By hard work and frugality he was able to obtain the 
funds needed for his matriculation at the University of Tubingen. 
There he displayed a remarkable aptitude for mathematics and theoreti- 
cal astronomy. Being a devout churchman he could not accent r t|^ 

he was destined to spend the rest of his life 



in the vain search for some theory that would bring back into cosmology 
that simplicity and perfection that is required by Aristotelian philos- 
ophy. His first attempt was a complex ^metrical jiypothesis^ pub- 
lished in 1597, which satisfied Kepler only in that it employed the 
regular solids approved by Aristotle as perfect. The hypothesis has 
but little astronomical value, but its publication had an indirect effect 
of great importance. Emperor Rudolph heard of it and immediately 
invited Kepler to Prague to work on the Rudolphine Tables. Tycho 
was also at Prague, with his mass of accurate planetary observations that 
extended back for a period of about thirty years. Kepler set to work to 
unravel the mysteries contained in Tycho's data, but he was unable 
to reconcile the observations either with the Ptolemaic or the Copernican 
hypotheses. He then abandoned all attempts to fit the data with any 
previously published theories and in 1609 published the volume that 
contains the first two of his now famous laws of planetary motion. 
Kepler was not at all pleased with these laws for, as we shall see 
below, they violated the Aristotelian perfection. Nevertheless, in the 
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spirit of the true scientist, he published the relations that would best 
satisfy the data at hand. Nine years later he was able to publish a 
second volume on planetary theory, which contained the third, or the 
harmonic, law. This was the relationship that Kepler regarded as his 
greatest triumph, for it at least approximated the Aristotelian doctrine 
of harmony and perfection. Thc_ r Rudoljp]tijne. TahlfiS P^ planetary 
"iQtjonSi ern^p^ying |^p]pr\ theories and Tyrhn's observation^ in 
support^fj^ejtJieory, were finally published in 1627 and were used 
for"many years by astrologers, astronomers, and by navigators. 



...... plaMt ...... is ..... ail ffor^L having ti^miLJL^r^ 

The non-mathematical reader may not have a very clear idea of 
what an ellipse is (many people suppose that an egg is elliptical), and 
the simplest way of elucidating the matter is to draw one. Rule a line 
across a sheet of paper and fix the sheet to a drawing board or table- 
top with drawing pins. Then stick two ordinary pins firmly into the 
sheet, piercing the line and lying about 3 inches apart. Make a loop 
of thick cotton or fine string and place it over the pins. Pulling the 
loop tight, and keeping it so with the point of a pencil, draw a free 
curve from that part of the transverse line on the left of the left pin to 
that on the right of the right pin. Then place the loop on the opposite 
side of the line and draw the other half of the curve. Jjj^Uh^ 
rbjorurllipi* i rmthiftj; mftirt tHn.a farrshftrtt-..TdjJ!q 1p ' feA 



-.. 

directly abovc^frgj^J^t. Alternatively it may be 
regarded as 2M:irclewim two centers th-pQiitf&J3^arkc.4 by. m thc r gins 
instead of nilf? thr c " p^intc nrp VnQgn as thfi %j, and if the ellipse 
we have drawn represents the orbit of a planet the sun will be sit- 
uated at one of them. It should be noted, by experimenting with dif- 
ferent positions of the pins but using the same sized loop, that the 
eccentricity of an ellipse depends upon their distance apart: the greater 
this distance the flatter the ellipse, the nearer together the closer the 
approximation to a circle. When they are as close together as they can 
be- that is, in the same position the figure described is a circle. This 
is what is meant when it is said that the ellipse may be regarded as a 
circle with two centers. 

Q^f Kepler discovered that even if the planets move in elliptical orbits, 
the sun occupying one of the foci, they will not behave in the observed 
fashion so long as their motion is uniform; i.e. so long as they travel 
around their orbits with unvarying velocities. The second part of his 
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problem was to formulate the law that states the orbital velocity of a 
planet at any point in its orbit. After following up a number of false 
trails, he eventually arrived at the solution : Jlhejmoti^^ 

is such ^SJ^IS^^^^tQl dcsmb^ii^:^ (The 

radius vector is the line joining the planet and the sun.) Figure 20 
represents a planetary orbit with the sun at the focus 5. Within this 
orbit are described four sectors, all of whose areas are equal. Now, ac- 
cording to Kepler's second law, the radius vector will sweep out these 
sectors in equal times. Hence the planet will require the same interval 
to travel from A to B as from C to D, E to F, and G to H. A general 
and less precise way of expressing this law is to say that ,the orbital 




y^t^ty nf p j^y^de 

^t^^ 

ut Kepler still had one Jurthcr point to clear up. /vs we nave 

re disl^^ a longer period in which to com- 

plete one circuit of the star sphere than those nearer the sun. Kepler 
was convinced that this fact could be expressed in an exact form. As 
before, the solution persistently evaded him, but finally he discovered 
that jJiere was, as he had suspected, a strict relation holding between 
the distance .of a planet fmmhp sup and the period in which it revolves 
flhnnt iti--TV relation may be expressed in several forms, of which this 
is one : if the squares of the periods in which the planets describe their 
respective orbits are divided by the cubes of their mean solar distances, 
the quotient will be the same for every planet; in other words, the 
sauares of their periods are proportional to the cubes of their mean 
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sn]ar diifanr-ftik Thus, if P and p are the periods of two planets, D and 
d their mean distances from thesun, then 




and this is true for any two plan&sJJaaHiappen to be chosen.. 

the JBSfj.ftd&i .li t wo planets fl J"g_J r J|jH3U i&yJL JBS SSlS dis t anccs n - 

l^mj^fj^ take an example, suppose 

that the periods of the two planets are 0.24085 years and 248.43 years 
respectively (Mercury and Pluto). Then 



therefore 0.058010 ^ = 61717 D 3 






O.058OIO 



and d?=\/ -- v, D= 102.09 ^ 
\o. 050010 

That is, the mean distance of Pluto from the sun is about 102 times 
the mean distance of Mercury from the sun. If we could determine 
the mean linear distance of any one planet from the sun, we could, by 
applying the harmonic law, calculate the mean solar distances of all of 
the other planets in the same linear units. For instance if we knew 
that Mercury were 36 million miles from the sun, from the relation 
demonstrated above we should know that the mean distance of Pluto 
from the sun must be more than 3675 million miles. In the same way 
the linear mean solar distances of all other planets could be calculated 
from their known sidereal periods. 

KEPLER'S ACHIEVEMENT ANALYZED 

It is worth while summarizing the methods by which we may assume 
that T^cplfr reached these results, for otherwise his immense achieve- 
ment must appear as mysterious as that of a conjuror who produces 
rabbits from an empty hat. His first task yyaf tn r|ffn-in, j-k/ tm^ 

mnfinng^anrl nrKitS of the planets from their gnnarent motiQUJv. !,*. TEfim 

in thr p*' rimpt-pr ^} ^ j-i^y W * M 



rrrnrdftfl -in Ty^ K ^' c ^kc^r^j-jorrc This -in itself could not have been 
accomplished until after Kepler was willing to accept the hypothesis 
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of the heliocentric system and the moving earth. To solve the problem 
Kepler had to find a way of allowing for the effects of the earth's motion 
and then subtracting this effect from the observed motions of the 
planets. Before his solution of the problem can be understood, the 
reader must be introduced to the relation between synodic and sidereal 
periods. 

SIDEREAL AND frKJ^ODIC PERIODS 

Figure 21 shows the circumsolar orbits of two planets, A and B f drawn 
on the assumption that both orbits are circular. The assumption is also 




Figure 21. 

made that the planet closer to the sun (A in Fig. 21) moves with greater 
angular speed than the outer one. At a certain time both of the 
are on the line SA I B l drawn from the sun to a star. 
T^enodjbf either planet ift ddl! 1 ^ at ttr firv> ^ rf(ir r ^ ff?r 
Tn^Kf- i ifl ir jniimry nrrrmid rhr run -\r A -^"TLt^ f hi.fi . stAr ?SF n - ^ n an Y 
given unit of time, say T, A will move from A^ to A 2 (i.e. through the 
angular distance a as measured from the line between the sun and the 
star) and B will move from B, to B 2 (i.e. through the angle P). Because 
of the fact that A is moving more rapidly than B, the two objects will 
no longer be on a line from the sun and a hypothetical observer on the 
sun would notice that A had gained on B by the angular distance in 
the time interval T. Theliaicjreauired for A to gain one complete lap 
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word 




gmtymg a meeting)*, . 

Returning \\p/P\g. 21 we see that a = ft + 6. Now let P a represent the 
si(!fcfeftl"-penod of A, P b represent the sidereal period of B, and S repre- 
sent the synodic period of A relative to B. Since there are 360 in a cir- 
cumference and we have said that a. , & and 6 represent angular motions 
in the time interval T, we have 



Substituting these fractions in a = ft + 6 and canceling out the common 
factors we have 



For a consideration of the earth and the planets we will now let A 
represent the earth when B is an outoGJ^lanet, or B represent the earth 
when A i^an inner planet. If we lctLE|represent the si^erea^ period <jj._ 
e^^MPJthe sidereal period of a planet, andj? represent the synodic 



for an inner planet -5=T;+T; (i) 

L 



for an outer planet -5= -5 
r tL ij 




The greatJiljL|e of these expressions lies in the fact that 

A r,f o ] i> Jjy ilili i mim rl frnm thi/ x nintTnnn nf thr phTJcfnn 



'dofapia 



4/1. For the inkei plane' we need only 



to determine the time from maximum elongation, either east or west 
of the sun, back to the same maximum elongation, and then compute 
the sidereal period of the planet in terms of that of the earth. For the 
outer planets the time from opposition (i.e. culmination twelve hours 
after the culmination of the sun) back to opposition again can be deter- 
mined and the sidereal period determined. For the ancient astronomers, 
without telescopic aid, this was of great advantage. 
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THE MARTIAN 



The planet Mars is a very important planet from the astrologer's point 
of view, and Kepler was working on the Rudolphine Tables for the 
use of astrologers. Hence Kepler concentrated his attention first on the 
orbit of Mars. Tycho, perhaps because Mars was of importance to 
astrologers, had a large number of observations of this planet and they 
were just what Kepler needed. 

Figure 22 shows the orbits of the earth and of Mars. We shall suppose 
that Mars is first observed from position E\ after one sidereal period 




Figure 22. 

Mars will again be back at M, but the earth, with its more rapid 
motion, will have carried out more than one revolution and have 
arrived at some point E 2 . Mars is now reobserved from E 2 . Knowledge 
of the earth's motion gives the values of SE^ SE 2 , and the angle 
EiSE 2 > the latter depending upon the interval between the two observa- 
tions. The observations themselves (E M and E 2 M) give the values 
of the angles SE^M and SE 2 M. These five quantities are sufficient for 
the solution of the quadrilateral SE^ME^ whence SM and the angle 
E 2 SM can be calculated: SM is the distance of Mars from the sun when 
at point M in its orbit, and E 2 SM its direction as seen from the sun. 

Thus by means of a series of paired observations, the members of 
each pair being separated by 687 days (the sidereal period of Mars), 
spread over two sidereal periods, a large number of points on the 
Martian orbit may be plotted and the complete orbit reconstructed, 
showing both its size and its form. 

Once the orbit had been determined in this way, simple inspection 
led to the discovery of the first law; and since the times of the various 
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observations were known, together with the solar distance of the planet 
at each, trial and error would eventually lead to the formulation of 
the second law. 

DISCOVERY OF THE THIRD LAW 

Having reached this stage, it only remained to discover the nature 
of the relationship which Kepler was convinced held between the 
planets' periods and their distances from the sun. The sidereal periods 
of the planets were easily deduced from Tycho's observations by means 
of the equations (i) and (ii), given on p. 59. Kepler still had to 
discover their relative distances. We have seen how easily these may 




Figure 23. 

be deduced from their periods by means of the harmonic law, but 
Kepler obviously could not avail himself of this device as he was still 
in the process of discovering it. An independent geometrical method 
is illustrated in Fig. 23, which shows the orbits of the earth and of an 
inner planet. As the figure stands, the planet is at greatest elongation: 
the line of sight from the earth to the planet, EV f is therefore a tangent 
to the orbit, and the angle EVS a right angle. VES, the angular separa- 
tion of the planet and the sun, is measured, whence VSE=i8o 
(90 -\-VES). These data permit the calculation of the relative lengths 
of SV , the solar distance of the planet, and SE, the solar distance of 
the earth. The method is essentially similar, though rather more in- 
volved, in the case of an outer planet. 
Kepler was now in a position to tabulate his information as follows: 
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QUANTITY 


A GEOMETRIC PICTURE 


PLANET 

Mercury 
Venus 
Earth 


SIDEREAL PERIOD 

0.241 years 
0.615 
i .000 


(P) MEAN SOLAR DISTANCE (D) 
0.3871 
0.7233 
I . OOOO 


Mars 
Jupiter 
Saturn 


1.881 
11.862 
29.458 


1.5237 

5.2028 

9.5388 


Uranus 
Neptune 
Pluto 


84.015 
164.788 
247.7 


19.1910 
30.0707 

39.5 



The final stage in the solution of the problem of planetary motion 
consisted of the identification of a single relationship which held be- 
tween each of the first six pairs of figures in the table. (Uranus, 
Neptune, and Pluto were not known in Kepler's day.) A laborious 
process of trial and error eventually revealed the relationship expressed 

in the third law: the square of the ratio of a planet's period tothatof 

i j i i i i l T - 1 .. " 

the earth ^qnnfc f " p r n r* nf fh * raftn OlP p ppnpf s mean solar 



tkat pf t;fae eflfth. This, then, was the climax of Kepler's life work, 



^.of it he wrote exultantly, The die is cast, the book is written, to be 
read either now or by posterity, I care not which; it can await its reader; 
has not God waited six thousand years for an observer?' 

NEWTQJ^S LAW OF UNIVERSAL GRAVITATION^ 

Some fifty years after Kepler had enunciated the three empirical laws oi 
planetary motion Sir Isaac Newton (1642-1727) formulated his law oi 





irf rrciY crirr w ltk ? ^^r that is nr 


ooortional to the 


pr duct^f -rt 








bolically as 








P^^m^m^ 
f 





in which G is a numerical factor of proportionality whose value depends 
upon the units in which mass and distance are expressed. The idea that a 
gravitational force might exist between physical objects dates back 
several millenniums. From the first announcement of a heliocentric 
universe scientists had been speculating that it might be this mysterious 
gravitational force that held the planets in their orbits. It remained fo* 
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Newton to prove that this could be the case. The importance of the 
Newtonian law lies not so much in its accuracy, although this was never 
seriously questioned until the announcement of the theory of relativity 
during the early years of the twentieth century, but rather in its ability 
to synthesize so many apparently diverse physical phenomena. The 
motions of the planets about the sun, the motions of two stars about their 
common center of gravity, the motions of the stars in general about the 
common center of gravity of all stars can all be explained, within obser- 
vational limits, on the basis of the Newtonian law. By this law the 
weight of all objects on the earth can be determined, and the ability of a 
planet to hold an atmosphere be established. Even the tides in the 
ocean can be calculated, principally, by the gravitational pulls of the 
moon and the sun on the water of the ocean. 

Those readers who do not shy away from a little elementary algebra 
may be interested to see how the inverse-square character of the New- 
tonian law may be established on the basis of the information that was 
available to Newton. In the first place, he was familiar 
rmrrnonic law, which is expressed analytically as 



______ 

Newton also was familiar with the character of that force required to 
hold a rock that is being whirled about in a circle at the end of a string. 
If P is the period of revolution of the rock, d is the radius of the circle, 
and m is the mass of the rock, the tension in the string (which is equal to 
the so-called centrifugal force) may be expressed as 



in which ^ is a factor of proportionality whose value depends upon the 
units used for mass, distance, and time. This expression had been devel- 
oped and published before Newton used it in his gravitational research, 
but there is some question about whether he had actually seen it or 
whether he developed it independently. Let us now assume, with 
Newton, that the gravitational attraction between two masses varies as 
the product of the masses and that it is some inverse function of the dis- 
tance between the masses, i.e. that the force diminishes as the distance 
increases. Then we should have an analytic expression for the gravita- 
tion attraction between the sun of mass M and a planet of mass m distant 
d units from the sun as 
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in which the exponent of d (i.e. x) is unknown. If the planet is going 
around the sun in a circular orbit, then there will be a centrifugal force 
that must be counterbalanced by the gravitational attraction. Hence 

Mm 



which may be transposed by ordinary algebra to 

dd* GM 



* 



P 

All of the terms in the right hand side of this expression are numerical 
constants and the equation may now be written as 

7(1+T) 

a r -r , ^ 

52~~=A. (a constant). 



We have seen above the Kepler's harmonic law may be written as 

73 

-p2=C (a constant) 

and we see that i+x=$orx~2 and the force of gravitational 
attraction must vary directly as the product of the masses and inversely 
as the square of the distance between the sun and the planet. This is one 
of the simplest of the many problems that Newton had to solve. In 
some of them he had to develop new methods of mathematical analysis. 
Nevertheless, with the inverse square law established in Newton's mind, 
perhaps on the basis of the harmonic law as discussed above, Newton set 
to work and was able to prove that all three of the Keplerian laws are 
direct consequences of the fundamental law of universal gravitation. 

NEWTON'S MODIFICATION OF KEPLER in 

Mention must be made here of a ^slight g^foficati^ 
made in the harmonic law as XEU Ji^Iated byKep ler . The planetsjnove 
in the? manner" described by Kepler since they are acting under the 
central gravitational influeace J^-lhc,~sua, which attrac|;s. m each...planet 
a^ upon the square 



separating the w tY^..bodies. But another factoFTKat enters juita-~this 
attraclionls the respective masses of the sun ancTtne planet concerned: 
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tne ^attraction is in fact r&cjp^o^ai^^l^^pl^ner tendjm^ to mai^e lae^un 



-atj^ it revolve^bput 

it. That the law as stated by Kepler appears to give a satisfactory ac- 
count of appearances means that the mass of any planet is so small 
compared with that of the sun as to be, for practical purposes, negligible; 
this conclusion will be shown accurate when we come to determine 
the masses of the sun and planets. But when the masses of the two 
bodies are less disparate than those of the sun and a planet for ex- 
ample, in the case of a double star the mass of each body has to be 
taken into account, and this is what Newton's modification of Kepler III 
does. Where Kepler's third law states that 



~D* d* 
Newton's modified form of the equation states that 

P 2 (M+m 1 )_p' 2 (M+m 2 ) 
D* ~ d 3 

where M=mass of the sun, and mi, m 2 the masses of the two planets. 
It can be seen that where m^ and m 2 are negligible, as in the case of 
the planets, we are simply multiplying both sides of the equation bv 
M^.thus not materially affecting Kepler's equation. 

THE Ayf A ft ft OF T H ^ i E A -R 7* H \^J * " 

In the description of the physical properties of the earth in the previous 
chapter, one in particular was not mentioned: its ; mass,,Now that some- 
thing has been learned of the law of universal gravitation it will be 
well to return to this point, for not only does it illustrate very clearly 
the power and application of Newton's law, but the value for the 
earth's mass so derived is a stepping stone to further astronomical 
quantities, as described in Chapter vn. First, a possible source of 
confusion must be cleared up. The distinction 



is usually, ajittlejjjfiqilu^ whH iiiiumuLLiul ui iliu fn 

but to put the matter simply we may say that th^mass of a bdcty'Ts the 

tnat tne 



whik, the ^scales mcasuremass. ^If a bodyjusf turnsthe scales at one 
pouncttl wllr^lwuys (Jo so, no matter how strong or weak the gravita- 
tional field in which the scales are set np?_fhe 



_ 

^^ fnrrrn tQ "HLhirh it ni a y ^ e nihj^lr^rl-^^n the other 

hand, the stretch of a spring balance depends both upon the mass of 
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body being weighed and on the gravitational field attracting it: the 
weight of a body, unlike its mass, does vary with the strength of the 
gravitational field within which it is situated. 
Expressed in mathematical terms, Nekton's law states that 

I 





A 







M 




Figure 24. 



where F is the attractive force between the two bodies; mi and m 2 their 
masses; d their distance apart; and G the so-called gravitational con- 
stant (the attractive force between unit masses at unit distance apart) 
Figure 24 shows schematically the apparatus known asjJol^S^Balance^ 
To the undersides of the two pans of a strong balance issusjpelided a 
second pair of pans by long wires: m, and m<> are t w^rsffriel ital budies 
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^LequaLrogss. When they occupy the same pair of pans, whether the 
upper or the lower, the beam will be horizontal, since they are equi- 
distant from the earth's center and therefore equally attracted by the 
earth's gravitation. But suppose that m 2 is placed in one of the lower 
pans and m in the opposite upper pan, as in Fig. 24. Then m 2 , being 

-rnngly nH-rorfpH ky4-frkM' fm. T 



words it YJlLweigJLiriQrc^and the npht-hand si 

^dcprcsscdT'lhis' can be rectified by placing a small 



^\ let its mass be x. When this second 
equilibrium has been attained a lead sphere of great mass, M, is placed 
close below the pan containing the mass ra 2 . Again, the beam of the 
balance will tilt down on the right, for although the lead mass in at- 
tracting m 2 the distance between the two pairs of scales is too great for 
it to attract mi appreciably. To bring the scales back into proper balance 
a second and even smaller mass, y, must be added to the pan already 
containing mi and x. 

It is clear, now, that the attraction between M and m z is balancing, 
and therefore equal to, that between the earth and y. Applying the law 
of gravitation already stated, we may express this in the form: 

G M m 2 G E y 



2 

r 



where d= the distance between the centers of M and m 29 

r= the radius of the earth, 
and E= the mass of the earth. 

That is 



in which all quantities are known or can be deduced. The result is 
approximately 5,800,000,000,000,000,000,000 tons J^. 8 Xio 21 tonsjor 

million nulUoitons. 



THE IMAGINARY CASE OF A CLOUD-GIRT EARTH 

At this point it may prove enlightening to reconsider briefly our knowl- 
edge of the earth's motions and physical properties from an entirely 
hypothetical point of view. Suppose that the earth's atmosphere, instead 
of being reasonably clear and transparent, were composed of dense 
cloud-banks similar, let us say, to those that blanket the planet Venus. 
Under these circumstances with all the heavenly bodies permanently 



68 



QUANTITY A GEOMETRIC PICTURE 



invisible and the science of astronomy unknown how much informa- 
tion should we then be able to deduce concerning the earth we inhabit? 
A glance through the two previous chapters will show that a surprising 
amount of knowledge could be arrived at even under these unfavorable 
conditions; indeed, thcjcarth ? s - ff i rn i mffftlaijai^to 



it depends on observations outside the earth itself 
stellar observations connected with aberration or with parallactic or 
spectral shifts. Of the other terrestrial characteristics which we have 
considered, the axial rotatio^^ 



or the eastward deviation of falling bodies from the vertical; certain 
meteorological phenomena might also hint at it though these could not 
furnish a rigid proof. T ^ p Q.ttbJ^j,^ with. 

Jpl yjs^ J3 aj pt n r p r ^ g explained on pp. 66-^as well as by other methods not 
here described. And finally, a simple calculation based on the results 
of the pond experiment (p. 5) would yield the cu.rva 
surface,, and hrnra -rirr njgff nf 4bf ..... raffth irr>fjf 



as a 



THE HELIOCENTRIC HYPOTHESIS AND THE STAR SPHERE 

If we continue down the list of observations that concluded Chapter i, 
we return to the star sphere. Qne of our Jfirst disc^yej;ies u was that this 
sphere appears to rotate between two diametrically opposed polesTJusf 
"" between jwa pivots, whkh ; rniisruf course^be 

r. But since then we have discovered that tEe~earth 
rotates on its axis and thatJHjMJb^^ 
rotationucOK^^ in the reverse cUrt^tJon. 1 he "north and south 

celestial poles must therefore lie fEFpoints on the star sphere where the 
produced axis of the earth would cut that sphere. It follows from-this, 
of course, -that rita-cekstial poles are directly overhead for observer- 
situated at the earth's poles^ u also that if the earth's equatorial plane 
wenSloaajJarly produced^ it would intersect the star sphere at the celestial 
equator. Now since the ecliptic, which is the ^plane of jjicjsaith's ^rbk 
produced fcrtbe-stor~ sphci^ is inclined to the celestial equator at about 
23% , the earth's equator must be inclined to the plane of its orbit at a 
similar angle. The earth's axis is therefore not perpendicular to the 
plane of its orbit, but is inclined to it at an agle of about 66 l / 2 . All these 
relations should be made clear by Fig. 25. 

THE MEANING OF THE ZODIAC 

On page 16 it was pointed out that the moon always remains within 
a belt around the sky sphere which is known as the zodiac. The central 
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line of this belt is the trace of the plane containing the earths 

about the sun and is known as the ecliptic, or in other wordsjyc 

^J ^,^ n f ^ C i in n j 7mit - the earth in one year. 



Examination o the table on page 82 will show that the orbits_QJLall 
of -v>" pi^ftSi r vrf> r f P1l rt", n r " i"^"^--'^^ 



N.C.P. 




Cel. Equator 



Xthe halfjaeidth of th@ Bodiae^r-Hence it is to be expected that all of the 
planets bright enough to be seen with the unaided eye should always be 
found on the zodiac. It is because of this fact that this celestial highway, 
with its twelve 'houses' or 'stations,' played such an important part in 
the astronomy of the ancients. Under certain very particular conditions 
Venus may be observed from the earth very slightly outside of the 
zodiac, but this overstepping of the boundary is too slight to be observed 
without precision instruments. Pluto, a number of the asteroids, and a 
number of comets are frequently to be found outside of this belt. 



///. Spanning the Solar System 



The knowledge at which we have so far arrived has been obtained 
solely with the aid of the human eye, and without recourse to telescopes, 
spectroscopes, or other instruments. It is true that at several points 
during the development of the argument appeal has been made to tele- 
scopic evidence the phases of Mercury and Venus, for instance, and 
the aberrational displacement of the stars but such appeals were no 
more than short cuts to conclusions that could be reached without them. 
For Copernicus conceived his first intimations that the sun and not the 
earth is the ruler of the solar system before the invention of the tele- 
scope; and Kepler, although the telescope was actually being used for 
astronomical purposes by Galileo and others before he had formulated 
his three laws, worked throughout on Tycho Brahe's observations 
which were made with the naked eye. 

INTRODUCTION OF THE TELESCOPE 

From now onward the naked eye must be assisted by a variety of 
instruments if the growth of our astronomical knowledge is to con- 
tinue. At first, the telescope will only be required as a precision in- 
strument that is, as a means to the more accurate estimation of the 
positions of bodies than could be possible with the naked eye alone. 
The optics of the instrument need not detain us here, for even the 
most skeptical man of common sense will admit (ft j-Vfa^ 3 |elesrnpe 

sec a thing with the a ^ a 
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* it increases the apparent separation or all points within its 
field. In the second, i> jr^ffasp? rh~ ^pp^"*- K M ;^v.i-r.nnn f L....^ 



object at fly ^atq within 1; ;< -^ Thus not only do stars appear to be 
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brighter in the telescope than without it, but stars which are otherwise 
too faint to be seen at all are rendered visible. 

ASTRONOMICAL DISTANCES! PRELIMINARY 

One of the most important aspects of the astronomer's work consists 
of the determination of the distances of remote bodies. In this work he 
is fortunate in having a number of independent methods at his dis- 
posal, and, in theory at least, the discovery of the distances of most 
celestial objects is comparatively simple. The practical difficulties, on 
the other hand, are usually great, and except in the case of the nearer 
bodies such as sun, moon, and planets, the margin of inaccuracy is 
always undesirably wide; furthermore, the mQr_,d l ' gfant ' 3" nKjprt- i.^ 
thf^yjHrr rt-r??ff rh^ Q m? r pf^ f uncertainty become.* The task of measur-^ 
ing the distance of an object 1000 units away is more than twice as 
formidable as measuring that of an object 500 units away. Not only the 
practical difficulties but also the effects of instrumental, personal, and 
systematic errors are increased out of proportion to the increase in 
distance. Whereas an accuracy of about 0.02 per cent may be expected 
in the distance of the sun, we cannot hope for better than 20 per cent 
accuracy in the distance of the remotest members of our stellar system. 
Expressed in linear units these expectations would represent about 
18,000 miles in the case of the sun, but up to as great as perhaps 
1,000,000,000,000,000,000 miles (io 18 ) for the remote objects. 

There is a further source of inaccuracy which inevitably blurs the 
clarity of our distance determinations of the more remote celestial 
bodies, and which may even, without our suspecting it, entirely 
invalidate them. The basis of all these measurements is the simple 
trigonometrical method used by surveyors and map-makers. But this 
can only give a worthwhile degree of accuracy when confined to the 
nearer stars; for more remote objects, indirect methods must be used. 
These, though admittedly based upon the results of the fundamental 
trigonometrical method, nevertheless involve new assumptions, new 
sources of potential inaccuracy, and the use of analogies whose validity 
is less certain than it might be. At each successive extrapolation the 
chances of accurate results are diminished. Thus not only the mechanics 

*This statement, and much of the discussion that immediately follows, is not 
correct for measurement of distance by radar techniques. All that can be said about 
this at the present time is that radar contact has been made with the moon, and 
that radar specialists believe that further development of their instruments and 
methods will yield values of distances within the solar system of an accuracy far 
greater than anything that we have at present. 
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of the problem, but also its principles become less accurate the farther 
we reach out into space. Even the basic method, from which all others 
are ultimately derived, is not without its tacit assumptions. It has to 
assume, for instance, that light travels in straight lines the so-called 
rectilinear propagation of light. It is only with this proviso that the 
trigonometrical operations are valid. And although it is within limits a 
safe assumption to make (and the results of its use likely to be ac- 
curate), scientists have nevertheless grown less dogmatic and sure of 
the infallibility of their fundamental assumptions than were their 
fathers in the hey-day of cocksure Victorian research, when the universe 
appeared to be unfolding itself as a structure built upon the principles 
of the nai've mechanical materialism then in vogue. 

For all these reasons the astronomer counts himself fortunate when 
he has independent methods of unlocking the secret of astronomical 
distances. When the results obtained by two or more methods are in 
close agreement he may feel confident that the average value is, in all 
probability, approximately correct. For although one method may give 
an erroneous value, it is stretching probability too far to suggest that a 
second and a third methodquite unconnected but also erroneous 
should give practically identical wrong answers. 

The purpose of these cautionary remarks is to dispel at the outset 
any misapprehensions the reader may have nourished as the result of 
casual readings in 'popular' scientific periodicals or even in popularized 
approaches to astronomy written by professional astronomers, ffifi b qv ^ 
a less exact knowledge of the *H^ nf iV "rm/prsp. of the distribution 
of the stars and globular clusters, of the dimensions of our galaxy, and 
of the distances and real spatial distribution of the mysterious spiral 
nebulae, ^q t-Kp rear1p r of this type ojjitei^tjLirr (with itfl inrvirihlc 
simplificaUfiJQ^-and^ 
to onelttde. Or rather, ther^^aj^^ 
all mjistai 

greater the distance under discussion, the more 
Tmportar^ it to bear this in mind if a reliable picture of our present 
knowledge is to be acquired. 




NOMETRICAL PARALLAX 

When a surveyor wishes to determine the distance o a not readily 
accessible object such as a mountain peak, he does not pace out or 
measure with a chain the intervening space between the peak and his 
place of observation. Tnstpad he measures q convenient baseline with 
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the greatest accuracy (a few millimeters in 10 miles is possible), and 
then notes the direction of the peak from each end of it; that is, he 
measures the base angles of a triangle whose sides are the known 
baseline and the lines joining its extremities and the peak (Fig. 26). 
Assuming that the light reflected from the peak into the lens of his 
theodolite is traveling in undeviating straight lines, and that there- 
fore his measurements of the base angles are correct to the limit im- 
posed by the instrument itself, these data permit him to calculate the 

A 




Figure 26. 



th } s 



required distance trigonometrically. T h e 
lies in the fact that JL^^^fiji^^ 

of a point wiihaut goig -tiiCfe* It can be seen from the figure that the 
greater the distance, the smaller becomes the angle subtended by the 
baseline at the object. This is the reason for the exaggeration of sys- 
tematic errors at great distances. Let us suppose, for example, that an 
instrumental defect such as backlash in the telescope bearing introduced 
a systematic error of i'. If the subtended angle were 10 this error 
would amount to less than 0.2 per cent. But if the peak were so distant 
that the subtended angle were reduced to l / 2 9 then the error would be 
i in 30, or 3.3 per cent. We can also discern here the reason why 
trigonometrical parallax cannot be employed on objects whose distance 
is greater than a certain limiting value.,For with any given baseline a 
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limit will eventually be reached at which the angular differences 
recorded at its two ends are so small as to be swamped by the estimated 
error, or else are too small for instrumental measurement; in the latter 
case the lines AB and AC may for all practical purposes be regarded 
as parallel. The only ways of escape from this difficulty are to increase 
the length of the baseline, or else to construct a series of triangles from 
the original baseline towards the peak via a number of intermediate 
points. Unfortunately the latter course is not open to the astronomer 
(since he cannot transport himself and his instruments out into space), 
and the former cannot be followed beyond a certain point. 

THE DISTANCE OF THE MOON 

These difficulties do not arise, however, in the case of a body as near 
to the terrestrial observer as the moon, where the direct trigonometrical 
method based upon parallactic observations from two stations separated 
by an accurately determined distance, gives results correct to within 
0.0005 per cent. Figure 27 represents the earth and the moon. M is the 




Figure 27. 

moon, WXY the earth with its center at O, and X and Y two points 
on its surface on or near the same meridian of longitude, and widely 
separated from one another. Since OZ' and OZ" are perpendicular to 
the horizon at X and Y respectively, Z' and Z" must be the zeniths at 
these two stations. Hence the angles Z'XM and Z"YM are the zenith 
distances of the moon as observed from X and Y. These distances are 
measured simultaneously, and with the greatest degree of accuracy 
possible, at the two observatories. From these data the angles OXM 
and OYM can be derived, for 

OXM=i8o~Z'XM 
and OYM:=i8o Z"YM 
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Since the lengths of OX and OY are known (they are the earth's radii 
at the two observatories), the quadrilateral MXOY can be solved 
trigonometrically. Hence the distance OM that separating the moon 
and the earth's center can be deduced. 

It is found in this way that the mean distance of the moon is 238.860. 
miles, the variation on either side of this mean value amounting to 
some 15,000 miles. 

THE FORM OF THE MOON's ORBIT 

In Chapter n we learn it to be an inescapable fact that the moon revolves 
about the earth. We now know its mean distance. But since the orbit is 

n ^ ^mla^ iVr rlWor.^ n11 cf^rlily.. .-irnry flpf] ^ n Kf> 



determined at any given moment either by simultaneous parallactic 
observations, or else by constructing a 'spider' and thus determining 
the actual form of the orbit. This simple graphical method involves 
(i) thf ^riirai-P dwrminflHon of the diiftflpce that the moon has traveled 



nth ( n ) tl^g accurate mcasurcijiqflt 



n rar^ *?f t^w^ ^Tisin" ^r^ a point E (Fig. 28), 
representing the earth, lay off a line EM, to represent the direction of 
the moon at the time of the first observation. If at the subsequent three 
observations it has traveled 2, 5, and 8 from the starting point, lay 
off EM 2 , EM,, EM* such that Z M 2 EM 1 =:2 , / M S EM 1 =^ 9 
/.M.iEM^=8 ; and so on through the entire lunation. These 'spider's 
legs' then represent the direction of the moon from the earth on suc- 
cessive occasions; and on each of these its apparent diameter was 
measured. Now since the moon's apparent diameter is inversely pro- 
portional to its distance the nearer we are to an object, the larger it 
appears our table of angular diameters tells us the relative distance 
of the moon when in positions M 1? M 2 , A/a ... If, then, on each leg of 
the spider we lay off a length inversely proportional to the moon's 
angular diameter at the corresponding time of observation, and then 
join all these points by a smooth curve, we have drawn the true form 
of the lunar orbit. And since, finally, we already know the linear length 
of one of the legs (the moon's mean distance, 239,000 miles) we can 
easily calculate the linear lengths of all the others. 

In this way it is established that the moon's orbit is n nrfHy n^" 1 ^ 
plljpfif; ^and that, as we have been led to expect, the earth lies at one 
focus while the radius vector describes equal areas in equal times; the 
mean orbital velocity being rather less than 2300 m.p.h. 
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T TT]^ A P QRBIT ANT) THE ECLIPTIC 

If the moon's path among the stars is plotted on a star map^it is dis 
covered that this geocentric path is inclined to that of the sun in the sam< 
way that the latter is inclined to the celestial equator (Fig. 7). In othe; 

WOrds, i-Vi^Tplon^ r>f ffaf> tTr>nr.n'n r>rkit- ir ir^lJnrf| fO tl^ ^cliptJC (or the 

plane of tri? earth's heliocentriCpOtbit), intersecting it at diametrically 

To discover the degree of this 



inclination we have only to measure the maximum angular distance of 
the moon from the ecliptic, for clearly in Fig. 7 (the angle in question) 
is that bounded by the two orbital planes. The inclination is about 5 




Figure 28. 
SUMMARY 

Thus by progressive stages we have learned the following facts about 
the position and motions ofjjie^moon: 

T Mirfl yfa1g in a n fa r lv tocii|apnrhir r ..at one fa;uffi QJ -yyhirh lips the. 
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**! 

Its mean distance from the earth iJa ^Q ? ooo miles! and its mean 

Orbital Velocity gnmpj^nn mp lv ***% f 

Its orbit is inclined, to that of the earth abput_ the : spri atLan angle 
of approximately 5. . 

RELATIVE SOLAR DISTANCES 

This is the first step toward constructing in imagination a scale model of 
the solar system. Much of the effort preliminary to taking the second 
step that of establishing the spacial relationship of the sun to each of 
the planets has already been made. In the previous chapter we saw 
how Kepler first used a geometrical method for determining the relative 
solar distances of the planets, and thence deduced his much more valuable 
period-distance relationship. Direct observation gives the synodic 
period of each planet; the application of the 

! = ! ! 
P S 

relationship (see page 59) gives its sidereal period. With the sidereal 
period known, Kepler's harmonic law gives the heliocentric distance in 
terms of the earth's distance. The relative distances of all of the planets 
from the sun are thus obtained, but until one linear distance is measured 
our picture of the solar system must remain a perfectly proportioned 
map lacking a scale of distance. The sun is the most obvious celestial 
body and we might as well begin with it: for when we have determined 
its distance from the earth we shall have the one linear heliocentric 
distance we require. 

THE SUN'S DISTANCE FROM PLANETARY DISTANCES 



The^nean distance ^ *^* pqrtVi frnm i-kp cyn/jfi p"^ r>f fk*>.mt- J 
valucs in astropomy aflj js known as the astronomical unit. This quan- 
tity cannot be determined with any accuracy 6y"7lirect trigonometric 
methods, cinr^fk^ cnr^ ]ip1ik^ tVi** mnpr^ is ton distant for fl ^ nc<a I'"** ' 
the earth to yield a satisfactory parallax. 

Even though the distance of the sun is too great to permit of satis- 
factory determination by direct parallax methods, some of the planets 
ire not. For example, at the time of a favorable opposition (see page 
198) of Mars, the distance of the planet from the earth is less than 0.4 
that of the sun from the earth. An accurately measurable parallactic 
iisplacement from widely separated points is yielded for this smaller 
distance, and the linear distance from the earth to Mars can be deter- 
mined. From this distance the linear distance from the earth to the sun 
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can be computed. For purposes of illustration let us consider the case 
of Mars, or any other planet for that matter, assuming, for simplification, 
that both Mars and the earth are revolving about the earth in circular 
orbits with radii 7? and p, respectively. Let us assume further that Mars 
is in opposition and at the node of its orbit so that the sun, earth, and 
Mars are on a straight line. If d is the distance from tVi^^^tkt^ JVfjflfsj^ 
determined by parallactic methods, we have R p = d. Now from 
Kepler's harmonic law we have 



which may be solved for 



'=p 



in which P and E are the sidereal periods of Mars and the earth respec- 
tively. The substitution of this value of jR in the equation R p = d 
will yield a value for p, the radius of the earth's orbit. In actual practice 
none of the assumptions can be made and the computation of the dis- 
tance of the earth from the sun is a complicated problem. 

Some of thf pftrtrffifin (ntanpnrr 205) may come even closer to the 
earth at favorable opposition than does Mars, forgs. for example, may 
come within 0.15 astronomical units from the earth. This smaller dis- 
tance, coupled with the fact that the asteriod has a small star-like image 
as contrasted to the disk of Mars, permits of much more accurate 
measurement of the parallactic displacement. Another method, involv- 
ing the parallactic observation of a transit of Venus across the disk 
of the sun, gives somewhat less accurate results, though it provides a 
valuable confirmation of those based on the observations of Mars and 
Eros. 

In 1931 a favorable npposji-jon o^ Eroj occurred and observations were 
made at a large number of observatories scattered over the earth. All of 
the observational material was forwarded to H. Spencer Jones, Astro- 
nomer Royal of England, and in 1944 the result from the 1931 observa- 
tions, combined with all available results from previous observations, 
was published. This most recent value of the astronomical unit is 
QJJOO^OOQ statute miles with an uncertainty of about 9000 miles. 

"Astronomers frequently use for the astronomical unit not the value 
of the distance in miles, but instead the angle that would be subtended 
by the mean radius of the earth from a distance of one astronomical 
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unit. This angle is known as the solar parallax and, on the basis of the 
above-mentioned value of the astronomical unit, is 8^.790 with an 
uncertainty, according to Jones, of the apparent angular width of a 
human hair at a distance of 10 miles. 

THE SUN'S DISTANCE FROM THE ABERBATION OF LIGHT 

An entirely independent method employs the p&enomenon of the aberra- 
tion of light. We have seen (page 39) that j 



where v Js_ the Dearth 'iV^ or ' r V - rjs thg^yclocity of li^ht, and a is the 
observed displacement of a stellar image situated at right angles to the 
direction of the observer's motion. / 






O 



Figure 2Q^V 

The story of Romer's discovery of tile finite velocity of light from 
observations of the satellites of Jupitefr will be told in Chapter vn. 
Two experiments devised nearly a centtiry ago by the French physicists 
Fizeau and Foucault determined this | velocity with a high degree of 

in Fig 




mr _. 

wheel of known circumference which 
can beTotated at known velocities; its position is adjusted so that its 
teeth just intercept the beam between M and M 2 . When the wheel is 
rotated a series of JigliUla^hes^will be transmitted toward M 2 . At^high 

o coalesce and form a continuous beam, for 



^ 

the same reason (tjj^r' sfpnr * ftf ^ t j^Jj ie ra P ld succession of 
st^U^aiij^ a moving-picture screen gives rise to the i^ us JQ n 

of smQo^motion. If the speed of the wheel is steadily increased^ 
certainstae^will be reached at which eac-h of the teeth has moved half 
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the distance separating it from its companion during the time required 
for the light to travel from A to M 2 and back to A. Hence on reach- 
ing A each flash will encounter not the gap between teeth which it 
originally passed through, but one of the teeth themselves. All the re- 
turning light will be blocked by the cog teeth and it willappear to th 
at O thak>*h*Mght hrjeen"^Sdshed. Thdf\vheel vcloa ^ 

bctwea 



rc^ulr5djoLjJa?S : cal- 




daLajadlLgive the length 



of trie interval required for the teetk tfi -ffl^XLI^.^"j_j^^,t 1 foalf .the 

r to 



traveLtwice the known distance AM 2 . Carried oTrtun3e7TRF most 
stringent experimStdcmi3itions7 trie modern modification of this 
method yields 299,776 km. per second (186,272 m.p.s.), which is the 
accepted ynliiifi^^ the Ycl^^Y ^ Pfrvt. 

A long series of observations for the value of the angle a, the so-called 
constant of aberration, yields a value of 20". 5. Hence in the equation 
v c tan a we have only one unknown since c = 299,800 km./sec. and 
tan 2o".5 = 0.0000994. Substitution of these numerical values gives 
v = 29.8 km./sec. or 18.5 mi./sec. for the speed of the earth in its orbit 
about the sun. If we now assume that this orbit is a circle we can find 
its circumference since there are 31,560,000 seconds in a year and the 
earth moves 18.5 miles in each one of them. Hence the radius of this 
circle, the mean distance of the earth from the sun 



18.5X31,560,000 ., 

- s =02,000,000 miles, 

27T ^ 



a value which is in reasonable agreement with the result of the paral- 
lactic methods. 

OTHER METHODS OF DETERMINING THE SUN's DISTANCE 

Other means of deriving the solar distance that should be mentioned, 
though they do not call for detailed descriptions, involve (i) jmJlld e - 
pendent spectroscopicjTiet^^ fh^ earth's Qrbira]_velocity 

whrh. employs t^? ?'?-ca1k-d- r * n pp1" n " pi^nripl^* (H) th 



n 



f flWt nf.tlip parfh^.graviratjpn uppn the morons, of Venus 

rQl, (iii) ^_12ID^Whnt SJrP^? r *+"^ ^ ^ e me/-.|na1ify in. the Innar 



motioo. All these methods permit the determination of the earth's 
mean solar distance with an inaccuracy not in excess of about 0.013 per 
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cent, or 12,000 miles in 93,000,000. Since the orbit is not strictly circular 
the actual distance varies from midsummer to midwinter by rather 
more than a million miles on either side of the mean value. 



THE MASS OF THE SUN 



Because the mass of the sun is a quantity that we shall require later 
for the determination of certain stellar distances, it will be convenient 
at this point to see how Newton's work made its derivation possible. 
Since the force exerted upon one body by a second is proportional to 
their masses and inversely proportional to the square of their separation, 
it follows that the relative attractions exerted by the sun (/) and the 
earth (g) upon a body of unit mass situated at the earth's surface 
are given by 




where M=mass of sun, 
m=mass of earth, 
R= distance of sun, 
r=radius of earth. 

Of the quantities in this equation, 
M is the unknown, 

r we have already discovered (Chapter i), 
m we have already discovered (Chapter 11), 
R we have already discovered (Chapter in), 
g, the force of gravity at the earth's surface, can be found from 

experiments with pendulums, and by a variety of other means, 
/ is easily calculated from Newton's laws once the earth's orbital 

velocity is known (Chapter m). 

The value obtained for M by this and other methods is approximately 
332,000 times that of the earth. _ 

THE ORBITS OF THE PLANETS 

Just as in the case of the moon, we may determine the inclination of 
each planet's orbit to that of the earth, thus completing our three- 
dimensional scale model of the solar system, some data of which are 
given in the following table. 
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THE SCALE OF THE SOLAR SYSTEM 

If the information contained in the fifth column is expressed in a dif- 
ferent form it may convey a more concrete impression of the im- 
mense size of even our parochial corner of space. Light, traveling with 
a velocity of 186,000 m.p.s., covers a distance equal to nearly eight 
round-the-world trips every second. To travel from the moon to the 
earth it requires rather more than \% seconds; and from the sun to 
the earth, about 8% minutes. ULthc.sun suddenly 'went QULLwe. on 

earth WQuJd^^HniJf^jTiJjagk if its-royc foa^>~JM^h<H-4iJ^^ 

The correspond^^ pl 



anels ........ arr 



Mercury 

Venus 

Earth 

Mars 

Jupiter 

Saturn 

Uranus 

Neptune 

Pluto 



3 mins. 

6 mins. 

8 mins. 
13 mins. 
43 mins. 

1 h. 20 mins. 

2 h. 40 mins. 

4 h. 10 mins. 

5 h. 30 mins. 



IV. Outside the Solar System 



If the reader looks at this page, while rapidly opening and closing 
alternate eyes, it will appear to him to jerk from side to side against 
the more distant background, whatever that may be. This simple^cx- 
301 p k^fcfeolL^^ .upon the fact that the reader is using 

i&^ apar,L.So small a Baseline 



gives a noticeable shift only for near objects. To produce a parallacjic 

bodily movement is. &, 

d. wiuJb the two V4^wpauits,.o.a body as. distant as the moon mu&t 
J?. sep abated ty,a.,xhausand,jniles, or mare* A baseline of this magnitude 
also gives reasonable displacements for the nearer planets, such as Mars 
and Eros, but when the stars are studied with a view to determining 
their distances it is found that their relative positions as seen from the 
two stations on the earth's surface are indistinguishable, no matter what 
instrumental refinements are employed. 

Clearly, then, the limit that is necessarily associated with every base- 
line is reached at distances short of even the nearest stars; we have 
successfully solved the problem of distances within our own local 
planetary system, but it now appears that the immensely more distant 
and numerous agglomeration of stars is going to offer even more 
difficult problems for the astronomer. If the scientific advance is not 
to be stemmed, astronomers must forge new tools capable of penetrat- 
ing beyond the limits of our solar system; and then, if necessary, devise 
new methods for carrying the research out into the remotest depths 
of space. 

HELIOCENTRIC PARALLAX 

The tool that was finally used to get outside the solar system had been 
talked about for centuries before Bessel first used it with success^ t tf_ir 

the Simple fgUjJiat f^ g ^nrtli i nrrf tftTf>ti,^iift.gy in cpar^ butJCVplvcS 
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pb nn ii thr < t 11 ^ Over two millenniums ago, Aristotle had derided the 
conception of a moving earth, quite reasonably pointing out that such 
motion of the terrestrial viewpoint would cause apparent displace- 
ments among the constellations as between the nearer and the more 

this nature, he argued that the earth fj^us^ 

ex^ yisible pa^lhcticjiispl^ccrqeiit. an alternative 

^2^^ t^J^L^^JIiLSS^ 

the di^lacemem^ to 

tTTuTnaked eye. It was this alternative that Bessel showed to be the 

^,*.l^ another and by now quite superfluous nail 

into the coffin wherein are interred the remains of the geocentric 

hypothesis. 

Since the earth makes one complete circuit of the sun in one year, 
it must occupy diametrically opposite positions in its approximately 
drcular orbit at six-monthly intervals. And since the radius of this 
Drbit is 93 million miles, the terrestrial observer's position in space alters 
ay 1 86 j^fffio^miles between, say, i January and i July. It is this longer 
Daseli/e Bg&selJshowed to be capable of yielding perceptible shifts in 
the case^oxJttre nearer stars; but this achievement involved the use of 
instruments such as neither Aristotle nor Kepler had dreamed of. When 
the potentialities of this baseline are exhausted, the terrestrial astronomer 
has come to the end of his resources so far as the determination of 
stellar distance by means of trigonometrical parallax is concerned: in 
order to be able to use this method for the measurement of the distances 
of stars lying beyond the reach of the i86-million-mile baseline provided 
by the earth's orbit, he would have to transport himself to one of the 
outer planets for there astronomers, if they existed, would have the 
advantage of still greater orbital diameters. Fortunately, however, once 
we get outside the solar system by direct parallactic methods, other and 
more powerful methods are at hand to carry us still farther and to 
assure us that astronomical investigation will utilize the first steps 
taken by Bessel to continue on a long journey out through space.^jThese 
methods will be described in detail later on in this chapter; for the 
present, let us inquire more closely into the trigonometric method 
of determining stellar parallax, or the distance of a star. 

TRIGONOMETRICAL PARALLAX 

Figure 30 represents (i) X, a sheet of glass upon which a circle has 
been engraved with a diamond, (ii) a small ball, Y, conveniently 
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mounted, and (iii) Z, a screen. If an observer places his eye behind A 
and looks at the ball, its position as projected against the screen will 
be a] as the observer moves his eye around the circle toward B, the 
position of the ball against the screen will change to b\ when the 
observer is looking from C, the apparent position of the ball will be 
and from J9, at d. ^}^^i^^] ! ^^ccA out upon the screen an 

wilj 




Figure 30. 



Mfer 



depend upon the distance oL.Y itQUl ...... ^~~ 

will Jbp f^p rirr.l^ It is further to be noted that the apparent path of 
Y is only circular (as is the path of the observer's eye) when the 
line from Y to the center of the circle ABCD is perpendicular to the 
sheet of glass in which this circle lies. If the ball were moved to some 
position such agjp situated m frhio plane, thai iu> Appai'ont movement 
Twhich can now be considered as the ceiling) will 
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-be-4> straight linr^as the observer's eye travels around the circle 
ABCD A, the path of YI will be from a to b, back through c=a to d, 
an equal distance beyond c~a, and finally back to a. Balls situated in 
positions intermediate between the projected plane ABCD and the 
perpendicular to it will describe ellipses whose eccentricity varies with 
their position. Finally, it is to be noted that the ball revolves with 
reference to its background in the same direction as the observer's eye, 
but 1 80 in advance of it. 

So much by way of introduction. If we now rename ABCD the 
earth's orbit, Y a relatively near star, and Z the background of more 
distant stars, we have a replica of th^fmechanism ofstejU^jdistajfce 
determjr^aj^o^ 
the earth's orbital motion. Suppose a certain star is observed to shift 

ti IM aipiiiiii>ii<"""" i 'jiiite > i^ !),. ,,,,,,^!,', t*. i. ,,/,'i*i | i" ll iiii||fc'' 1 ^ * *- 

against the background of stars (which, since most of these are many 
times more remote, do not themselves shift appreciably) by a distance 
of i" in the course of six months. We then have s'Ss"=ASB=i" 
Therefore at the star's distance (OS) the radius of the earth's orbit 
(AO) subtends an angle (ASO or BSO) of o".$. By trigonometry, 



M 
7 1 m i Ii5s ,, 

" 



tan o .5 -,, 

Or. writing D for the distance of the star (OS), 
R for the radius of the earth's orbit 
p for the star's measured parallax (ASO} 




^ sJkajs,^ their 



annual j^arallactic displacements are excessively miaiite: 
bigger than ,a4wenty-five cent piece viewedL froiCLa, 

>w*!w* > '^"^ "%" * *"*!s M si* e ' ^"^''"* l * ll *iito, s , B <pf' 1 ' *"***fc.w<*"^^**'*' ft '' ^'*ii * ^W<- ' ^^t>' ^^ 

ojyr jniles. This accounts both for the flaw in Aristotle's argu- 
ment, and also for the fact that the displacements were not detected 
for over two hundred years after the invention of the telescope. It was 
not, indeed, until 1838 th^yj^ssej^js^ 

Stellar ^ paialb Y J that of the star known as h j6iC^gni. He and subsequent 
workers proved observationally what we have already seen from our 
model, namely that (i) the^anjnaia^^ 

*The definition of the annual heliocentric parallax of a star is: the angle sub- 
tended at it by the semidiameter of the earth's orbit. This is clearly half the total 
annual displacement. 
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00 % jtj.^matrd 



and forth almg a s;h^ r t-^^ght IiiiCL.vdbich--l^ 



plane of thj^.ffldiptiju (Hi) sgpJntcqBfidia^^ 

UOOS.^d^eftbed small " dlipses ""wke^^ceflta^ ...... proper- 

JEJSJiaLjnJEbfir ^ngnki- ^lifljai^,.j^airL-hL. ^rdlptir: itself A These con- 
figurations may be imitated by viewing a penny edge on, when it 
appears as a straight line, and then by turning it gradually over so that 
its visible shape becomes, first, a very flattened ellipse, and subsequently 
a less and less eccentric ellipse, until finally, when viewed at right 
angles, it is circular. Observation has also shown 



sam jdije^c^^^ 






....... -This f act helps us to distinguish 



between parallactic and aberrational displacements, for it will be re- 
membered that the latter involve a difference in position of 90. 

Another factor that has to be eliminated from the total observed 
displacement of a star * c thr r Qnrt r rtn * >nt - ^ JILJ^L^Q2S! rPHt-^fli ...... ll 

' tms ma Y be oi 



negligible proportions, but it must nevertheless be considered. The 
modern method of detecting and measuring parallaxes is photo- 
graphic, and was initiated by Schlesinger in 1903. Previously to that 
date the measurements had been made visually at the telescope, a 
laborious method which had yielded about sixty stellar parallaxes, 
Schlesinger's method, now universally adopted, is both quicker and 
more accurate, and also permits the measurement of parallaxes toe 
small for detection by the older methods. Today^some 5000 trigo- 
n 22Ei^ T^ e P roce< ^ ure 1S as FoTTowT: 

At an j^I^L^^ mn ^^ r ^ n ^sropir photographs am taken o| 

thejstarjBJM^^ 

preaution&. .being j^bserxciL The relative positions of the star and^ the 

'bacl^round* jcomggi^^ then measured on thejwo phoi-n- 

graphs with tibc ^eate&t ^cggec ^of ^iir^qLpossib]c. The movement 



r fi n]n^r stars OJth hack^ftUgd^thuS ..... ffjjqjp 0^ WJllS 

araactic displaccicnt andactual, proer 



Consequentla itmrd phoraph is taken after a urther interva oi 
six months. The parallactic displacement will once again be zero, 
while any displacement due to the star's motion will have been doubled. 
In this way the two may be disentangled : jL 



phntQgrapK covering ..a.periQd.QJE^en years. bi^Qi&aB.s 



eliminal^d. 
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The moment we come to mention the results of these investigations 
we encounter what can only be called 'astronomical^ ^^ rf n 



to say,jiut^m 

T^f^lEEIl^^ Q astrfMumft At this point, therefore, it will be advisable 
to digress long enough to explain two notations which have been 
devised for dealing (i) with very large numbers, and (ii) with very 
great distances. 



The function of the first is to p 3JI!XSlJi!I^ m 

q,. fflf^&&t w aft^***ty'wr \i\rrr* ^ H mi|> When a number is multiplied by 



itself it is said to be 'sQAJjaffld* and is written with a small 2 above and 
to the right of it; when multiplied by itself twice, to be 'cubed,' when 
the index 2 is replaced by a 3. Thus: 



=io~ 100 
=io 3 = 1,000 
Similarly io 4 = 10,000 

io 5 100,000 
i o 6 =1,000,000 

In fact, the index tells us how many ciphers follow the initial unit. 
But this notation is not limited to the expression of exact powers of 
io. Intermediate numbers can be expressed with equal facility, and 
nearly as concisely. Consider the number 15,000. 

io,ooo=ioXio 3 

20,000 = 20 X i o 3 

Therefore 1 5,000 = 1 5 X i o 3 

By convention, however, the factor not containing the index always 
lies between i and io. Thus we divide the 15 by io, making it 1.5, 
and, in order not to alter the value of the whole expression, multiply 
the other factor by io, making it io 4 . Thuau^ooo can be rewritten 



The rule to remember when expanding the contracted notation into 
the longhand form is: move the decimal point to the right a number 
of places that is indicated by the index. In our example the index is 4; 
hence the value of the expression is 

15,000.0 
Similarly, i.5Xio 6zz: i>5oo> ; 7.542Xio 9 =7,542,ooo,ooo, and so on. 
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The very great convenience of this device will be brought home by 
the fact that instead of having to write, for example, a i followed by 
enough ciphers to cross the entire page from margin to margin, we 
may simply write io 60 . 



A STR.NQM T C,AJU ..... .Ulillfj .......... QJl ...... PI STAN J? E 

The second notation is one of distance. When the distances of the first 
stars were measured it was found that they were so staggering as to 
render their expression in any unit as small as the mile prohibitively 
laborious; even the ^artnonffimif al *m& (thejg^j^hj^^ 
themi^ is in little better case. A very much larger 

unit haatobe discovered^ and for all scientific purposes tl^^a^ecjs 
nowjused. This mjivj2j^^^ ','wmAj 

hflYfrrjjfrj^^ Convenient unit 

to work in, the parsec is not particularly revealing of the actual distance 
involved: one may form a clear mental picture of how long a mile is, 
and even some sort of idea of the astronomical unit, but the parsec is 
singularly reticent in this respect. For .pj^gujax^wprk^ rather 

for the general public than for fellow astronomers, the 'Jigiit y%r* is 
accordingly more commonly used. We have already learned something 
of the velocity of light, that it takes 8% minutes to travel from the sun 
to the earth, and a further 5!4 hours before it reaches the orbit of Pluto. 
We may therefore say that the distance from the sun to the earth is 
S 1 /^ light minutes, and horn the sun to Pluto, 5^2 light hours. In the 

same wgy 3 jLJight y^ir/ii ^^ light in unc yra% 

traveling at an invariable velocity q^%ooojmj3.s^It is as many times 
greater than the earth's distance from the sun as i year is greater than 
8 minutes; a quick calculation will prove that it is therefore about 63,300 
astronomical units. This fact provides a further way of giving some 
reality to the conception of a light year, for there are 63,360 inches in 
one mile. So we can say that there are as many astronomical units in a 
light year as there are inches in a mile. 

A word must now be said of the relation between light years and 
observed angular parallax. The distance of a star whose parallax is i" 
is i parsec, which is equivalent to 3.26 light years. If the parallax is 
o".i, the distance will be io parsecs, if o".oi, 100 parsecs, and so on. 
Hence, putting D for distance, and p for parallax expressed in seconds 
of arc, 
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I 

D = ~~ parsecs, 
P 

, ~ 3.26 ,. t 

vhence u = ^~ light years/ 



DEN SJJX 



To take an example, the nearest star yet discovered is a faint object 
in the southern constellation of the Centaur, to which the name 
Proxima Centauri has been given. Its parallax, the largest yet detected, 
is only o".j8$ (this is about the angle subtended by a plate, two feet in 
diameter, when viewed from a distance of fifty miles). 

Therefore D = -^- 

0.785 

= 4.2 light years. 

This is equivalent to about 265,000 astronomical units. 

It thus becomes clear not only that enormous distances are involved 
whejn x we come to the stellar system but also that space is exceedingly 
smpty? The distance separauag the sun from its nearest neighbor is 
aBout 4^x light years, whik its own diameter is less than q l / 2 light 
seconds,, or about one thirty-millionth of that distance. So far, 18 stars 
have been discovered with distances smaller than 12 light years, though 
there are very probably other faint neighbors yet undetected. T^hjs figure 
gives. a density of stars in the region within 12 light years of the sun 
of about i in every 400 cubic light years! 

LIMITATIONS OF TRIGONOMETRICAL PARALLAX 

Finally, a word on the accuracy and scope of Schlesinger's direct 
photographic method of measuring stellar parallaxes. The margin of 
probable error varies from about i per cent for the very nearest stars, to 
from 10 to 15 per cent for stars at a distance of about 80 light years. 
Thus the distance of a star, measured as 80 light years with modern 
astronomical accuracy, would be correctly stated as 80 8 (eighty plus 
or minus eight) light years: the chance is even that it is between 72 
and 88 light years, but it is probably nearer to 80 than to either of these 
limits. Up to about twice this distance say to 150 or 200 light years 
tolerable results may be expected, but for still greater distances the 
method is practically useless: tjie^otentiaHties of the longest 

i 
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R]ilLjI^^ 

It has been known for several centuries that the stars have motions of 
iheir own: that their relative positions upon the star sphere do not 
appear to alter from year to year, or even from century to century, when 
observed with the eye alone is due solely to their very great distances 
from the observer: with telescopic aid, the angular motions of a great 
number of stars have been detected and measured. Let us imagine that 
we are sitting in a captive balloon floating above a field (Fig. 31). 
Directly beneath us is a man, A, at a certain distance from whom is a 



B 




Figure 31. 

second man, B, who, in the space of time covered by our observations, 

walks to another position, C. It is clear that B has moved across As 

field of vision by the distance BC', and has at the same time moved 

directly away from A by the amount C'C. 

tpCmay therefore .Jbe jraolvgd into Wo mutu 

nonentsTSC' and C'C, one of whicrl lies in the observer's line of sight 

**""*'" l t * S *"*^l^^ *,"<> .V! 

2ther atrightanmcs to it. Supposing that for any reason the 
observer at ^^Telj^al^^o "estimate J5's true space motion, BC, 1r\* 
could nevertheless calculate this distance if he were able to determine 
BC and C'C. 

If we call A a terrestrial observer and B a star whose space motion 
in a given unit of time is BC, then fiCifijJ^J^^ 
star sjghere, and^^j^ 

mntinfl.. The former can be measured directly in angular unit^tne 
angle BAC, and is referred to as the^^per motion of the star. The 
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latter can be deduced from a study of the star's spectrum, as will be 
explained in detail in Chapter vi. Radialj^^ the 

spectrum, is given dire^tlyjgjij^ar U ^L ^^ii*^ r 

m jl es JG e r l^Ei,,Z. ,9 onvert P r P er JWifiJ* .frojii, angular, to -Jixxear 
ujiit^rggju^ of the stgj:.]^imtke.^b$crYau 

An idea of the minuteness of proper motions may be gained when 
it is learned that the largest proper motion yet detected is that of a faint 
star (invisible to the naked eye) discovered by Barnard, the annual 
angular motion of which amounts to 10^.25 roughly 0.02 of the 
angular diameter of the moon. Among the brighter stars, Arcturus has 
one of the largest proper motions, having moved across the star sphere 
a distance equal to twice the apparent diameter of the moon since the 
time of Ptolemy. 

THE POSSIBILITY OF A GREATER BASELINE 

' ^ to 



to them. If such motion could be accurately defined, we should have 

WMWI^IIIMM*|gt J 

a new and more extensive baseline upon which to base parallactic in- 
vestigations. Forjio matter how long we wait, the earth's orbital motion 
cannot carry usjmon^ the 

te r rsJ^l~^>44}k^ Y-ttii is xhe lunilatio n 

imposed Jj^Jii^^ 4u$ed orbit. 

BuT^iJJtj^ is proceeding in^a direct 

course_witLa,.^eladly,.o, x-jn-pus.. IQ^^^^^^I^^^Q^^ star 
fi.iewetoaL ^b$&*^*-f#*^*^ due to jtjbis motion 

steadily wifli'lhFp^rag^^aim If the sun's displace- 
ment after one year were insufficient to reveal a parallactic shift for a 
distant star, it would only be necessary to wait another year (when 
the shift would be doubled), or a third (when it would be trebled); 
this could be of course be carried on indefinitely until the observer's 
displacement were great enough to cause a measurable shift in the star's 
position. Theoretically there should be no limit to the scope of this 
method, owing to its indefinitely extensible baseline. One drawback 
we shall consider in a moment, but first the problem of the sun's motion 
must be briefly touched upon. 

THE SUN'S MOTION 

The reader will probably have noticed, while driving at night down a 
long, straight road on either side of which is a row of street lamps, an 
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'opening out* effect among the lamps ahead of him; and the reverse 
effect, that the two rows of lamps are converging upon one another, 
when he looks out of the rear window. At the same time, the whole 
panorama of lamps is slipping backward away from the apex of his 
motion and toward the direction from which he came (the antapex of 
his motion). This ij of cgnrsfrj an gkiw nrary nffqf ..of .ffUjSjjjgd^ X^ 
existence of a sim|!j^^ 
the^recj^on^ 

n 94Hi^^ ^ e 

problem is complicated, without being essentially altered, by the fact 

that the stars have peculiar motions of their own it is as though the 
street lamps were not fixed in the pavements, but were wandering 
erratically about. In order to detect the 'opening out' of those stars 
situated in^jJac^dilCCtipn of the sun's motion, and the 'closing m' of 

wHMt*csiJbe 3eter- 






aad JSWffiQ^!^^ efforts, clim- 

^^ sufficiently large number of stars is used 

as the basis of the investigation, individual anomalies will tend to cancel 
one another out (since the motions are random), and it is possible to 
arrive at a sufficiently accurate result dependent solely upon the sun's 
motion. 

Herschel, in 1783, was the first astronomer to achieve this, and his 
first approximate result has been abundantly confirmed and refined 
by subsequent workers, notably by Boss, Wilson, Campbell, and 
Moore. The most accurate determination yet made is that of the latter 
two workers: y,i^aJLttJj>^^ 
thede obp- -wmVf ),la.twn Hf rr- 11 l g V QQt -"" f r^m t^^ 



STATISTICAL PARALLAX 



^ now, 



the stars were stationary with respect to one another (the truly 'fixed' 
stars of the ancients) the observed proper motion of any star would be 
due solely to the sun's motion, and its distance could be derived direct 
from its observed shift. But since the stars all have motions of their 
own known as their peculiar motions it is impossible to disentagle 
the component of their total observed motion due to parallax from 
that due to peculiar motion, without first knowing the star's distance; 
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which is precisely what we hoped to derive. It therefore seems that our 
proposed new metJjpcLl;^ stellar distance is to be stillborn. 

There is, however, a comprismise way out of this difficulty. 5Qjp u g u 
it is true thaLjjj^*u4*ijnoH^^ be utilized to determine the 

di|tance of /w^^SS^S^^^^me-peetiliar motions cannot be known,}, 

r *iY a J^rge enough ,group,,of stars is considered, the ran 4 oni 
will ten4 to cancel one another ouj, 
the group tjie raoce. pearly t^ue will tfeis be^The drift 
of jthe _wbQl.gijQUp, toward the antapex of the sun's way can then be 
directly related wkh the mean distance of all the members of the glpup. 
Certain characteristics of such statistical parallaxes are to be noticed: 

i. they can be deduced for stars too distant for investigation by 
either of the methods already deic/ibed; 

ii7 they cannot be derived, fat. in^^ as an 

average for liLiiiuaaber -of-9tftf9$ 

iii. their accuracy depends upon (a) rjie : number of stars for which 
the motions are deduced, and (b} the accuracy with which the 
proper, .motions are measured* Thus optimum results would be ob- 
tained for a group consisting of a very large number of stars, all of 
whose proper motions were large enough to be measured with a 
high degree of accuracy. 

THE NEXT STAGE 

l parallax, though readbkig beyond the limit at which trigo- 
parallaxes -are too imrefebfe to be of any value, is confirmed 
to stars Jar shoitJof the most,, distant that are known to exist; jt is, 
moreoveV, not; ayplicab,le ^^jWiyi^Spl,, s $9f S* What is required is a 
method, of detern^imug the instriasic luminositiei of the brightest stars, 
so tKaFeven at distances so great that many stars may have faded into 
invisibility there shall still be telkale beacons by whose means those 
distances can be discovered : this has been achieved, the stars in question 
being of the types known as Cepheids and Novae. 

APPARENT STELLAR BRIGHTNESS 

Before we can learn how astronomers have developed this field of 
inquiry it will be necessary to digress, as briefly as may be, on the sub- 
ject of the apparent and real brightness of stars. The former is measured 
in terms of an arbitrary scale of 'magnitudes/ a magnitude being the 
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unit of apparent brightness just as the pound is the unit of human 
weight or a fathom the unit of water depth. Roughly sgeaking^ thf 
ite^^ are aj^-&*t-JBtf^^ a Iktk 

;, of the ^QQlldIH^g n i tu i e > an .d so on till we come to those which 



are only just ,p,rcptibJk with unaided visiom, these are of the sixth 
magnitude. The faintest which are capable of impressing their images 
upon photographic plates after long exposure with the world's largest 
telescope are of abo^t ........... the twenty-second ^magnituJe. It is 

tant to realize that imaiitude departing frorrv^Srttoc 




nothing whatever to do wth" size : it ^ 
as this appears to the terrestrial observer. 

Car efuJ^T5TfLscru tiny of different stars, notably by Pogson and the 
youngeiQiersche^)during the earlier half of last century, showed 

oc Kr; ^ fn lV "* "^ hHnw iV (ii) , 



average first magnitude star is 
sixth magnitude ster. These two estimations of the relative brightness 
of different magnitudes differ only slightly from one another; but 
differ they do, for if each magnitude were exactly 2.5 times as bright as 
that below it, then a first magnitude star would be (2.5) 5 times as bright 
as one of the sixth and (2,5) 5 approximately equals 95, not 100. It 
therefore had to be decided which was the morp convenient relation on 
which to base the arbitrary magnitude jcale. 
a|numerical decrease of fiv,magaitudca 



selected* If we write m a for the magnkud/^ofji^ar ojf 
apparent brightngs (i B a4 and m b for 

itngss ILjiieftriii 1 accord with I Ia''sTdT^n^mon^he ratio of the 
apgarent bri^ghtnpsses ol tbu 




when m b m a =_^Jt should be remembered that, on the^ 
witii die greater .brightness has the smaller 



p., itt other words the scale is inverse in character. We 
now proceed to fiadan expressipu.that will give the ratio of brightaes^of 
whose maniliido ,diQfer by, any ,,giyen amQut In the 



first place we shall assume that the ratio of brightness between two stars 
whose magnitudes diffej;,Jhy .x^haU bs ..... a^2Ji ant - Our problem now 
reduces itself to one of algebra, and it may be proved that if the ratio of 

brightness of anv two stars is! land their magnitude difference is^rn^ 
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t>a 7 fmfc-m-') 



in which kjs the n ! liPrjkiiflLc^^ i ftfl thft .C3 JtlCLof . bjJJEbJtjj) fiss 

of two stars whose jmagnjij^^ To determine the value of ^ 

we" use Herschel's criterion that when the magnitude difference is 5 the 
brightness ratio is 100 and find that 100 = ^ 

The substitution of thiS-Valuc QJ r ^4ji&&iiJ^^ 
magnitude sealers 

B! = 

Those readers who are familiar with logarithmic notation will realize 
that this expression may be written as log B a log B b =o.^ (m b m a ) 
with logarithms on the base 10. 

ACTUAL STELLAR BRIGHTNESS 

If an observer looks down a long straight street on which there are 
street lights of equal intensity spaced at equal intervals, he will at once 
notice that the more distant lights appear fainter than those close at 
hand. We learn from elementary physics that t.he a PH9I n t JJltCin-si Ay. ,Q 
M4Rp~6eH*ee~AtiesJjtw scjuare o|^Aejdj^ M 5JD^ 

J^ojQfl M tL^9erTerr*Hc nee careful measurement would show 



that a street light 200 yards away would appear to be only one fourth 
as bright as a light 100 yards away. 

The stellar magnitudes that we discussedjabi^^J^fl^IXS^ on ty to tne 
apparent brightnesses of the stars. XbJS, 
np-lI!?^!Ll p jasL,LWQ f agt r"tf ' (a) ihjgLJS^^^ 

aadJJbi.ihe distggc^ f|f thr itur ..... frnm ThrttWttf-^rr ; kl ^ r rk/a f^^^ we 
are making the assumption that space is transparent.) For the purpose 
of making comparisons between the stars themselves as individuals, we 
define .aJ^QJue JTMnitt p as i-^BISS^.. JbrJbtefiftS_..l.hflL thr StflE 



a Li ..distance or 



^i r . By proper manipulation of the analytic expression for the magni- 
tude scale and taking into account the d@er$Q, of apparent brightness 
with distance we can determine that thc\absolutmagnitude M of a star 




" *. * M<M . * >i **N fc ^, _ T-r^ 

which /? is tK Damllax>of the star. Ir we know any two of the 
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values, M, m, or p we can find the third. Hence if we have any way of 
discovering the absolute magnitude of a star at unknown distance we 
can find that distance from a knowledge of the apparent magnitude, 

SUCCESSIVE EXTRAPOLATIONS 

The superlative importance of being able to determine the absolute 
magnitudes of stars is therefore evident. Trigonometrical and statistical 
parallax have provided us with a mass of information concerning the 
distances of the nearer stars, and JlfVprn Klr>rn ; " tm iKnmiTnr mm? 
drarar o ' gt-;3rg frhat" gbciwg itself to he variable w i 1 ' 



lute maffnit^de^To do this is merely to take one further step in the 
extended extrapolation represented on the following page. At each new 
stage in this sequence, data are discovered which transcend that stage, 
thus establishing a further stage; this in turn contains not only the data 
from the preceding stage which made possible its determination, but 
also new data which transcend it and allow a third stage to be estab- 
lished. 

In a way, the process is not unlike that whereby a convict, confined 
in a prison cell, managed to escape from the cell, the prison, and the 
country, although his initial equipment consisted of nothing more 
elaborate than a piece of wire: with this wire he was able to pull into 
his cell the key a careless guard had dropped on the floor outside; once 
out of the cell he was able to steal a ladder from a storehouse and climb 
through the window of the warden's bedroom; there to change into 
civilian clothes, steal a key ring, and let himself out of the prison by the 
warden's private gate; once outside he was in a position to return to 
his home and collect his passport and some money; and, thus provided, 
he boarded a steamer and sailed for South America, frfeitherolae^adre, 
j foe ladde^ pgggpgrt WftllM niJtsplf have 

.his .escape hllt "r using ^^ch in turn to extend the rane^of hb 
HjL.jap aTT 1 ^ 11 " 1 " tW plaraH the ^e^wjAjn^his grasp, tlieVasc 



At the moment we are in the position of holding the key (statistical 
parallax) which the piece of wire (trigonometrical parallax) provided 
for us in our hand, and of looking round to see how it can be used 
to lead us to the next stage in our expansion. 



This next stage, which transcends trigonometrical and statistical parallax 
while at the same time being hasrd nnon their results, is known as the 
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period-luminosity ^relationship of the Cepheids. The importance of 
statistical parallax in establishing the much more valuable Cepheid 
method of determining stellar distance will appear in a moment. First, 
the Cepheids themselves, for a fuller account of which the reader may 
turn to p. 267. Thgre are in the ski^many^taELJadiQsc brightness is 
not steady r hut flnrtiTiitingi trvr ffr unlM vnmhlr ipr" If_the : magnitu.de 
:>f one ^^j^LJ'i mr ocilr ^^ nt jprn-^alg nv^ p mwfl pr^nd ?nr1 jjie 
in a ril "? "'hnsr aYP< h r^prpgppjf fflflgnitrde ,and 



time* respectively, 



Y 



tion, showing at a glance jhe.rnanfler in which the brightness increases 
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light curves of all variables fall into a comparatively 
distinguishable types, each star of a given type behaving in 
i similar manner to all other members of that type, and differing in 
abvious respects from variables of other types. The light curve of 5 
Cephei (the type star which has given its name to the Cepheid variables) 
is shown in Fig. 32; thr itrrp rigf* f[/ mavirriiirp h r ^g k ^^i ; 
jy ni fl more gfinH^ decrease, is characteristic of all Cepheids. 



THE PERIOD-LUMINOSITY RELATIONSHIP 

Situated in the southern half of the star sphere and invisible from the 
latitudes of the United States are tyirfr T*^\ c|,p n ^ g rvf fj] 1CL Iff^S which 
to the naked eye resemble detached lumps of the Milky Way; they 
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are known as the Greater 



In 1908 it was 



successve 




discovered that the latter contained a number of Cepheids, and a most 
surprising connection between their periods (i.e. the interval separating 
d tjieir r^anaDp^rpit magnitudes 

/Sinceau attemptsHe^fetect parattaxesmr inHmd 

ad proved abortive, it was clear that it must lie at a very great 
distance from the sun as had already been suggested by the faintness 
of its stars. It was thus safe to say that its size was negligible compared 
with its distance, and that therefore all the stars of which it was com- 
posed were at materially the same distance from the observer. Under 
these circumstances, the apparent magnitudes of its stars would be 
directly proportional to their absolute magnitudes, and the correlation 
could be extended to the latter: thus^ jfog pcrip^ --ami- lijmT,no.sity..-^f 



Cehejds_a i rejnto But since the distance, and therefore the abso- 

lute magnitude, of no single Cepheid had at that date been determined, 
it was impossible to state the numerical relation between the two; in 
other words, the curves constructed in 1908 showing the relation be- 
tween Cepheid period and mean absolute magnitude could not be 
calibrated. Thr_rr,iinn fnr rhir fiilni ...... ilmi tV ^ T u^.^ 



..fit 



tOO 



,.- 

great to be spanned by either the spectroscopic g^tng^n^^ 

nearest Cepheid yet clis~covercd is situafecTat a distance of 



about 200 light years from the sun. It was not until 1917 that Shapley 
made determinations of Cepheid distances, thus enabling him to deter- 
mine their absolute magnitudes and assign a zero point to the period- 
luminosity curve. His method was to determine statistically the average 
parallax of eleven Cepheids possessing unusually large proper motions. 
Thus a scale of absolute magnitude values was fitted to the uncalibrated 
curve, and tfaffitfQf$^"^F*^~s f ^'* hr li^^J^J^J^^ 
where,yer^hey were visible; and owing to their greatln^ 
greater distajQ^l:wer-e -me^urjable tnar^^^^ 

TTffi^l?*^Tne procedure consists simply in measuring the Cepheid's 
peno37*eading ^ ^ corresponding absolute magnitude from the 
curve, and comparing this with the observed mean apparent magnitude. 
This very powerful method has, particularly in the hands of Shapley, 
provided a great part of our present knowledge of the structure of the 
universe of stars; this application of Cepheid parallax will be returned 
to in the next chapter. 
There is no reason for doubting the exactness of the relative values 
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(i.e. those derived in 1908), but the absolute values of the calibrated 
curve are certainly in some error, owing to doubtful fixing of the zero 
point; and they may be gravely in error, 



goint results ...... from a variety ^of |M caues Aii afflgri,g[..jJiEni . 



mean, par aU^xj (b) owkig.JXLlbJI.^ 

of thcJu^li^ids are uniformly smajj, and even the largest, as selected by 
Shapley, are small enougK for material error to enter into their measure- 
ment; and (c) there jsjthe t jevejj3rgs^ 

h! ic l!^d ,!??? ween apparent 



aud^aitf^^ 

The estimated inaccuracy from all these causes is of the order of about 
0.5 magnitudes. At a later date Shapley and others have been able to 
refine the original calibration by utilizing a larger number of Cepheids 
for the fixation of the zero point, although even now there is still a 
margin of uncertainty associated with all distances determined by this 
method. This disadvantage is to a certain extent counteracted by the 
great distances that can be investigated: better to have a rough idea of 
the distance of a very remote object than none at all. In Shapley 's appli- 
cation of the period-luminosity law there is another source of possible 
error: we shall see in Chapter v that most of his results have been based 
upon observations of the so-called cluster variables, stars which, though 
being of the Cepheid type for which the relationship was worked out, 
nevertheless differ from true Cepheids in certain important respects 
and this, also, must be borne in mind when considering Shapley's 
conclusions. 

NOVAE AS SOUNDING LINES 



is tjijS[ova.* t ^ov<|eFa^^ 

" * ' ' r< I!I!I^^ y CJ]^ 1 r H~j*~-* Q^fiasiug- ^ ^ r i site 



magnitudes in perha|^^^o^ at 

maximum a lioVa^l?^^ most conspicuous object in the nighl 

sky. Maximum having been attained, a much lengthier and more 
erratic phase of fading sets in, till finally (usually not for several years) 
it has sunk to something like its original magnitude. Some of the 
nearest of these novae have been within the reach of methods of deter- 
mining parallax already described, and it has been found that at maxi- 

*See p. 267 for a fuller account of these objects. 
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mum they not only appear abnormally bright, but are intrinsically so. 
Their absolute magnitudes characteristically lie between 5 and 10, 
the most favored magnitudes being 6 and 7, If, therefore, a nova 
iiilli:iCQ.Yjc.rfifi.jyhir.h is so -fruqt as ttLligfllliirj^ !* 

the reasonable conclusion is thatjtjs^many dm 
tfran ;$r^rr7isito to "ffie ...naked .^^ JiuLaLsa -ihariJkd^^ 
Bright as, or brighter than, itself. If we assume, as we can with reason- 
able safety; th lies between 5 and 10 we 

can derive a very rough idea of its distance; and if a number of novae 
have been observed which are known to occupy the same region of 
space, we can assume a mean absolute magnitude of 6 or 7 and 
achieve a considerably more definite result without sacrificing the as- 
surance of at least approximate accuracy. 

The reader may object that the Cepheid method has just been 
criticized for an uncertainty amounting to 0.5 magnitudes, yet we are 
now thinking worthy of serious discussion a method with an indeter- 
minacy of at least several magnitudes. It must of course be admitted 
that individual distances derived by this method may be as many as 
ten times as uncertain as those based upon Cepheid observations. But 
where several novae in the same region of space are observed, this 
margin is considerably decreased. Moreover, novae have been mainly 
utilized in connection with the class of objects known as extragalactic 
nebulae, concerning whose status there have been, as we shall see in 
Chapter v, two schools of thought: either they are members of our 
stellar system and therefore comparatively near the earth (their dis- 
tances being of the order of 100,000 light years or less), or else they are 
external to it and situated at distances not much less than ten times as 
great. The value of the novae that have been detected in these nebulae 
lies in the fact that, even with the wide margin of uncertainty men- 
tioned above, they provide a clear indication of which of these widely 
different alternatives is to be preferred. 

P Y N A M I C A L ft P A [, fcfl X. 




... 
^ Most stars pursue their courses through space in lonely 

isolation, separated by many light years from their nearest neighbors. 
But__aiL appreciable percentage of the^stejjjr hnvr -arr mrmk@rs of duple 
^^ he cnn~ 

tltllai^^ binary systems behave like a 

sun-planet system in that they travel through space together; but since 
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the difference between the masses of two stars is many times less than 
that between a star and a planet, each will revolve about the jotljer-^)i 
^^^^ wiH revolve about ths center of gravity of the 

syjtfim. From observations of a binary, coupled with the knowledge 
crystallized in the laws of Newton (in accordance with which their 
motions are performed), it is possible to calculate its distance. Parallaxes 
derived in this way are known as dynamical or hypothetical parallaxes. 

Since the mathematics involved is quite simple, and the process is 
difficult to fathom when described verbally, we shall run through the 
train of reasoning which starts from the angular separation of the 
members of a binary system and their period of mutual revolution, and 
ends with their distance from the observer. 

It will be remembered that Kepler's harmonic law was shown by 
Newton to be strictly accurate only if the planets had no mass what- 
ever; Newton therefore adjusted the equation to bring in the relative 
masses of the two bodies, planet and sun. From this modified equation 
it follows that forji pair O jstaj^jr^ 




S+E P* 

where tn^m 2 are the masses of the wo stars, 

distance apart (in astronomical units), 
heir revolution period (in years), 
mass of the sun, 

of the earth. 

If ^TFtMTstars' linear separation in astronomical units, a their separa- 
tion as observed (measured in seconds of arc), and p their parallax 
(also measured in seconds of arc), then 



We have seen that the mass of the earth is negligible compared with 
that of the sun; it may therefore be omitted without materially affecting 
the equation. Making this omission, substituting the value of A in 
the above equation, and expressing mi and m z in terms of the sun's 
mass, we have 



whence, bringing p to one side, 
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Making the assumption that each star is as massive as the sun,* we 
can substitute 25, a known quantity, for (wi+m 2 ) : 



and solve for p. 

By the mathematical 'trick' of successive approximations use being 
made of (i) a certain relationship between stellar mass and luminosity 
which we have not yet discussed, and (ii), the known relation between 
apparent and absolute magnitude, and distance this method is capable 
of giving results with only a small percentage inaccuracy. Though not 
of wide application, it is useful in that it permits the determination of 
the distances of binaries which are too remote for trigonometrical in- 
vestigation. The nearer binaries (those within 30 light years or so) 
may be dealt with as accurately by the direct method. 

GROUP PARALLAX 

* I <<i 

man 



^hy Fft e ftfl, 
"^" c rr.l. 



r nnnrr wrr 



f 



.. 

Since it is of only secondary importance, and restricted in scope, it may 
be dealt with more summarily than those hitherto described. 

Most of the readers of this book will be familiar with the group of 
stars, visible on winter nights, known variously as the Pleiades and 
the Seven Sisters. They mark Taurus, a constellation many of whose 
stars have been shown by a study of their proper motions to be moving 
in the same direction at the same speed. Further, their paths if pro- 
duced forward all converge upon a single point on the star sphere. This 
is to be expected, since parallel lines (and the stars are moving parallel 
to one another) appear to meet at infinity. Now if the earth were a 
member of the group, it would also be moving toward this convergent; 
therefore the terrestrial observer's line of sight to the convergent is 
parallel to the stars' space motions. If, in addition to its proper motion, 

*It is because this assumption has to be made, the true masses of the two stars 
being unknown, that dynamical parallax is sometimes known as hypothetical 
parallax. The assumption is well founded, however, for we shall see in Chap- 
ter vin that the stars vary less among themselves as regards mass than in any 
other respect; the sun, moreover, is a quite 'average 1 star. 
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the r^l v^Wifv nf g <^pr ip the group is known and the spectroscope 
quickly provides this datum it is possible to construct a formula linking 

the star's parallax, 
its space motion, 
its proper motion, 
its radial motion, 

the angle between the observer's lines of sight to the star and to 
^the convergent respectively. 

It is to be noted that although this method gives the parallaxes of 
individual stars, it can only be applied to members of a group whose 
proper motions are large enough to be perceptible. Though not, there- 
fore, of extensive application, group parallax is a neat and successf" 1 
method of determining certain stellar distances. 

RECAPITULATION 

To um up: 



ilnminrmitiv rnlaTJ^hllp n f 




These are the more important tools with which the modern astronomer 
has equipped himself for his work in penetrating the more remote 
regions of the visible universe.* We shall now turn to the results and 
rewardsofhis labor. 



*A/seventh method| known ^Sp prtrn<;rr T" r Pfl ra !l a _ Y - is dealt with in Chap- 
ter vin, where tfiepliysical conceptions involved in its formulation are discussed. 
Though it has played an important role in the past, it is today tending to fade out 
of the picture in favor of trigonometrical and statistical parallax. 



V. To the End of Knowledge 



We are now in a position to inquire what information regarding the 
organization and extent of the visible universe is provided by the criteria 
of distance with which we have so far largely concerned ourselves, as 
well as by such additional methods of specialized application (developed 
from those already discussed) as we may from time to time devise. 



THE NATURE OF THE PROBLEM 



During the sixteenth century the belieLlhat the stars werc__minutc 

but it 
^^rj ntfii* ?jghte^nth_cf nt lir y that 



ir^d^ar^^ 



aare*xrk*v* uulL.l.lw .nhflflrvflrional data* The prob- 
lem to be sojved might be stated as follows: Are the stars distributed 
S5 uniformly through (mt the 



nol ,,a..sma11 



- 

If the latter, then what are the dimensions, shape and structure of this 
system? And, it might be added, is the system unique, or has it peers 
in other regions of outer space? A priori theorizing could give no 
answers to questions such as these, and the only procedure whereby the 
problem could be attacked with any prospect of success consisted in a 
careful study of the apparent distribution of the stars upon the face 
of the star sphere, followed by an attempt to correlate this with some 
sort of spatial distribution. 



THE MILKY WAY 



sky is the j^jilky^ JKajk^This is a faint band of light, varying in width 
from 45 to less than 5, which traverses the visible half of the star 
sphere from horizon to horizon. A trip J^HIldjJ]J^2!id-.P rQ - YfiS ^Hl 
1 06 
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the Milky Way girdles, the cntijrgjtar 



nearly continuous, hdt aho 1 ^ ^e Spawns -Fnrrhermnre. it is very nearly 
a great circle; that is to say, it divides the star sphere into two almost 
equal sections. One of the earliest discoveries of the telescope was that 
the Milky Way, or galaxy, consists of vast hordes of stars too faint and 
too closely crowded to be individually distinguishable by the naked eye, 
although their integrated light is visible as a misty band. More detailed 
study shows that the richness of the Milky Way varies along its length: 
one area may be almost starless, while near by the stars are so con- 
gested, so piled upon one another, that they present a 'solid' wall of 
light. 

It is also noticeable with the naked eye, and still more so in long- 
exposure photographs, that ihfiL^filkxJKiX 

di,i^aiaa~^mi^l^iii ( ihe direction of the constellatioji Sagitt^iu&r--than 
in the opposite direction. Finally, although there is a colossal piling up, 
or concentration, of the fainter stars in the galactic regions, the brighter 
stars show a less marked crowding. 

STRUCTURE OF THE MILKY WAY 

The stellar concentration toward the galactic plane, with progressive 
avoidance of the regions approximating to the galactic poles, can be 
explained in one of three ways. We may suppose, in the first place^jjaaj 

A ,^^>--^^ . 

the sun is surrounded byjM^gjoi^^ 

: this ring, the Milky Way, apparently bisect? 



the star sphere, the sun must lie near its median plane. Since there is nc 
reason why the ring should not be very distant, this theory can account 
for the observed fact that the brighter stars (in general, the nearer ones) 
are less restricted to the galactic regions than the fainter. According 
to this explanation, the apparent concentration of stars within the 
boundaries of the Milky Way is a reflection of a real spatial crowding: 
.rhp ^ygragp riifitfiri re - se r ar<1t ' 1 ' n C' tMrQ a ^i ar ^ n t stars W ^JQ thexinjg^jsjcss 
j-fan tW ypararing ? jjarpnt flars outside it. This conception of a ring 
is, however, artificial to a degree, and bears no relation to any con- 
figuration of stars known to exist elsewhere within the boundaries of 
the observable universe. 

The appearance of the Milky Way can also be reproduced without 
recourse to any actual concentration of stars within a certain spatial 
zone: the laws of perspective alone could achieve it. Suppose that the 
stars form a disk-shaped system similar to a biconvex lens, within all 
regions of which the star density is uniform. Suppose, further, that the 



io8, 
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sun lies in the median plane of this system but at some distance from 
its center. Then a terrestrial observer will, in gazing out into space, be 
looking through a greater thickness of stars when he is facing the 
periphery of the disk than when he is looking toward either of its 
poles. In the former direction, therefore, the stars will appear to be 
more closely crowded together than in the latter, and the observed 
sflfect will be that of a^Mi^kx.Waj se^mlJDLg tw relatively starless 



will, further] 

Jion^J^TiFj^ 







Figure 33. If the telescope were capable of reaching only to a distance represented 
by the dotted circle, star counts would give an apparent shape of the galaxy as 
bounded by the dotted line and circle. Furthermore, the sun would appear at the 

center of the system. 

A third possibility is a combination of the two just considered^ the 
ifnrn Hn not ind^d permeate all space, but are cnnrrntrnt<?d intg n 



roughly Irnrinilnr pyrrrm, in whose, mrdJP n p^ n<a 



density, 



was the conclusion at which the 



elder Herschel arrived in the early years of the nineteenth century. 
He was led to this result by the simple observational method of star- 
counts: he divided the entire celestial sphere into a large number of 
equal adjoining areas, and then, using the most powerful telescope at 
his disposal, proceeded to count the number of stars visible in each 
area. Only one assumption was made that his telescope was capable 
of penetrating to the confines of the star system in all directions. Were 
it incapable of achieving this, the derived shape would inevitably be 
to a greater or less extent misleading (as shown in Fig. 33), since he 
regarded it as axiomatic that the distance to the edge of the system in 
any direction was proportional to the number of stars per unit area in 
that direction. At the outset of his surveys he made the further, and 
not entirely unconnected, assumption that the system was homogeneous; 
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later, he was forced to conclude that this assumption was not strictly 
justified, and that, as is now known to be the case, the star density is 
not uniform throughout the system. Nevertheless, the results of his 
survey convinced him that the observed star crowding in the Milky 
Way was very largely optical. 

DISTRIBUTION OF THE BRIGHTER STARS 

Herschel's star counts showed clearly that thyy ^ an immenjfr f ilipj 
upc)f the Jainter stars^towar^. rhr mrHhrrphnr trf "tTr :ii fil* r y 1X7 ^y ' 
Enownshortly as the galactic plane, or galactic equator but that, as is 
proved by a glance at the night sky with the naked eye, the brighter 
stars are not similarly restricted. Indeed, what slight degree of crowding 
there is among the brighter stars is not about the galactic plane but 
about a plane inclined at some 15 or 20 to it. This second plane 
known as Gould's Belt of Bright Stars, after the astronomer who first 
drew attention to it is most clearly seen in winter, when the bright 
stars of Canis Major, Orion, and Taurus, all components of the belt, 
are above the horizon during the night time and are conspicuously 
aslant the Milky Way itself. For many years this freedom of the 
brighter stars from galactic concentration was held to constitute a 
conclusive argument against the validity of Herschel's disk theory, for if 
the appearance of the stellar universe is clue entirely to its shape and 
to the position of the sun within it, then it is to be expected that the 
brighter stars as well as the fainter would be subjected to the laws of 
perspective and would therefore exhibit galactic concentration. 

THE LOCAL STAR CLOUD 

More recent work has resolved this difficulty and has at the same time 
vindicated Herschel in the main outline of his universe-picture, though 
his early assumption of approximately uniform stellar distribution is 
very wide of the mark. Telescopic cxarmnation_ofjjie_Mil^ Way 
shows that its structureJTaT|rom]Kmogeneous (see Plate "iJTlrrcon- 
sitT^f^\^rj^ar r ^lj:)uds in which the Tndm^in^sHr's appear to be so 
closely crowded as to^mer^e^^into an" unciirlerentiated haze of light, 



^ 

areas of lowerstaF3ISsity~of~even of apparent absence 
of stars altogether. Also there are in galactic regions many small clusters 
or clouds of stars, humble and more localized editions of the vast star 
clouds. It has been established as the result of work on star motions 
that the sun itself is a member of one such minor star cloud, all of 
whose members are compared with the faint stars of the Milky Way 
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close neighbors of the sun. For this reason they are to be seen in all 
directions about the sun and, since the terrestrial observer is inside the 
cloud, are exempt from galactic concentration. In point of fact, the 
median plane of this Local Star Cloud for, like the galaxy, it is a 
flattened lens-shaped structure is inclined at some 12 to that of the 
galaxy, and is closely coincident with Gould's Belt of Bright Stars, all 
of which are members. In general, it is true to say that all the brighter 
stars of the constellation figures are members of our Local Star Cloud. 
Shapley^an^jChajd^^ studies of the,, distribution 

of the brighter Jbjuc^^jyua.J^hflt' rhesg aly? ^ha^ri^ri?^ th._J' nra 1 Star 
Cloud ^nd^conse^i^ntjy sh o w a tendencyto^jro^^ a plane 

inclined ..atljbout 12 "to that oTHTiFmaiQ^^ is true of blue 

stars down to the sixth magnitude, it being statistically correct to say of 
the brighter stars of any type that they are nearer than the fainter. Blue 
stars fainter than magnitude 7.5 congregate about the galactic plane in 
the normal way of faint stars, while those of intermediate brightness 
show a preference between those of the galaxy and the Local Star 
Cloud. 

Using criteria of distance already described, Charlie^ has discovered 
that the Local Star Cloud is a flattened spheroid with a diameter of 
some 2000 light y^ars, and a thickness, ^nea^wed^ei^Jendioilarly to the 
median plane, of perhaps 600 or 700 light years. The sun is located 
slightly to one side of the median plane at a distance of about 300 light 
years from its center. Charlier's Cloud may be the nucleus of a larger 
conglomeration which measures, according to Scares, some 20,000 by 
7000 light years. 

METHODS OF PLUMBING THE GALAXY 

The discovery of the Local Star Cloud a minute galaxy within the 
galaxy was made possible by the study of apparent stellar distribution 
and of stellar motions and distances. Owing to its comparatively small 

*Stars are classified into a number of types, each possessing distinctive spec- 
troscopic features. These types are more fully described in Chapter vin, after the 
functions of the spectroscope have been systematically set forth. Here it will be 
sufficient for the reader to note that the correspondence between the colors and 
spectral types of different stars is roughly as follows: 

Type Type 

B: blue stars G: yellowish-white stars 

A: blue-white stars K: yellow stars 

F: white stars M: red stars. 
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dimensions it was practicable to use distance determinations based upon 
individual stars, as already described. The rough outlines of the galaxy 
as a coherent, isolated, roughly lenticular system were traced by Herschel 
purely from studies of star numbers in different directions. When the 
problem of scale-mapping the star system arises discovering the dis- 
tances to its edges in different directions the solution is less easy than 
in the case of the Local Star Cloud, owing to the very much greater 
distances involved. Even the brightest stars are invisible at distances of 
a galactic order (mainly owing to the existence of amorphous absorbing 
material within the galaxy) and although Cepheids and novae have 
provided a partial solution, single stars are in the final analysis of little 
value except for approximate statistical purpose. To probe the galaxy to 
its limits we must fall back upon the clustersjiij^ 

these objects. 



EVIDENCE OF SINGLE STARS 

Before proceeding to a description of the clusters, their appearance, 
their classification, and the distance criteria that have been elaborated 
for them, let us first see what light has been thrown upon the scale of 
the galaxy by such sounding lines as Cepheids, novae, and other in- 
dividual stars of great intrinsic luminosity. 

Cepheids in the galactic plane have been detected in all directions 
to distances of about 20,000 light years, their average distance on either 
side of the plane being less than 500 light years. At such distances they 
are extremely faint and difficult of detection, and it is not to be sup- 
posed that none fainter and more distant exist. This is borne out by 
the evidence of other types of variable whose distance can be approxi- 
mately determined from an only narrowly varying mean absolute 
magnitude. Such variables have extended the minimum distance to the 
edge of the galaxy in the direction of Sagittarius to over 30,000 light 
years. 

This is the limit to which we are led by single stars. That even this 
is not the end of things is clearly indicated by figures, the results of 
detailed star counts, which show the numbers of stars visible at each 
successive magnitude level. For when star numbers are arranged in 
this way it is found that in the regions of the Milky Way but not of 
the galactic poles their numbers are still increasing rapidly at magni- 
tude 21, which is about the limit of photographic detection. A star 
similar to the sun would have to be removed to a distance of 50,000 
light years before sinking to this threshold; so far, then, the evidence 
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indicates that within the galactic plane and at least in one direction 
stars are to be encountered for more than 50,000 light years. 

ECCENTRIC POSITION OF THE SUN 

This question of direction is of some interest: even if the sun is cen- 
trally placed within the galaxy (we have seen that it must be near the 
central plane, i.e. near the line AB in Fig. 33, since the Milky Way is 
approximately a great circle) the edge of the system will lie at different 
distances in different directions. This depends upon the far Qhfitf tHu 

But if, in addition, the sun is 
eccentrically placed within the median plane, the distance to the edge 
will vary with different directions even within this plane. It has been 
found that the most distant variables yet detected are confined to one 
hemisphere of the Milky Way, and congregate particularly in the 
constellation Sagittarius, where the star clouds are also densest. Further- 
more, the faintest novae show an identical distribution. Finally there 
is the evidence of the globular clusters; these will be described later in 
the present chapter, and it will suSice to say at this point that they like- 
wise appear to be centered upon the Sagittarius re giop_-L3^ e ma y there- 
fore assume, at any rate until contrary evi3Sre l appears,that the galaxy 
is deeper in this than in the opposite direction, since the faintest objects 
characterize it; in other words, f % film 1>c ^^ aa -H-ftrgrhH th/^gk^ si 

gated ^jorcvcn ycry^ near, the center of thej^laxj^Figure 33 shows 

how this rmscoii^tioriisliaDleto arise if the telescope employed for 
the star counts is incapable of reaching the edge of the galaxy in all 
directions. That Herschel's great reflector was able to plumb the 
galaxy in the direction of its poles is demonstrated by the fact that more 
powerful instruments show very few more stars per unit area in this 
direction than did his. This, however, is not true of those directions 
which lie in the galactic plane. 

PRELIMINARY RESULTS 

These preliminary results, together with considerations based upon 
Shapley's studies of the globular clusters which we shall consider later, 
suggested 200,000 light years as a very provisional diameter for the 
galaxy, its thickness being perhaps one sixth as great. It is true that this 
early figure has been whittled down by Trumpler, van de Kamp, 
Stebbins, and others by something like one half, but even with these 
revised figures the galaxy remains a structure built to a scale im- 
measurably greater than that of the solar system or even of the Local 
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Star Cloud. A r^y ef lig k r +i\n right miniiitffif Iff mrh tb~ earth from 

the sun; five hours later it crosses the orbit of Pluto, whik fnnir affiid >n 

hi If ynnnrrrrrnTgT^^ Yet a ray of light 



leaving one edge of the stellar system would not reach the diametrically 
opposite edge for something like a thousand centuries. 



MOVING CLUSTERS 



Stars show a marked proclivity for going 
group, the Local Star Cloud, we have alrea 
is an ^ntcrnal mernber n 




in groups; one such 
mentioned. Since the sun 
* s therefore sur " 



rounded on all sides by other members, this grouping does not appear 
as a cluster to the terrestrial observer. In fact, as we have seen, its ex- 
istence avoided detection until comparatively recent times, when astro- 
nomical methods of probing behind the mask of appearances had 
reached a considerable degree of finesse. This is also true of star groups 
which, though not actually containing the sun, are nevertheless com- 
paratively near to it in gp^** > y^ srn&Ucr the distancg of twp -nkj^f ts 
thf lilbsr.rYT the widw-ifi -riwV angnlnr srpfl r ntiorii Hence the 



. 

members of a comparatively proximate grouping appear to be widely 
dispersed upon the star sphere. They do not in fact look like a star 
cluster, and their coherent nature can only be demonstrated by proving 
a community of motion among theroJL&jai 



same directiao 




appreciable extent The greater the number of stars that are found to 
snarT~^partiaiIar motion, the more fantastic becomes the coincidence. 
Though the study of proper and radial motions is necessary before 
the true nature of a cluster of this type can be proved, it can neverthe- 
less sometimes be guessed. The stars of the Big Dipper, for instance, 
look as though they might form a single system, and the same may be 
said of the Orion stars; but before this can be shown beyond doubt to 
be the case, a very careful investigation of their motions must be car- 
ried out. 

In the case of the nearest groupings, however, it may be quite im- 
possible even to guess that the individual stars are gravitationally 
connected. The stars Sirius, P Aurigae, Leonis, a Coronae, and, 
among others, five of the sMfff**t5f"~t?fsa Mctte^Jotm such a cluster. 
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Since their true nature can only be discovered through a study of the 
motions of their components, these clusters are known as moving 
clusters. Though they are described as 'comparatively near' the sun, it 
must be remembered that the most distant stars in the galaxy are 
perhaps 100,000 light years distant, so that a cluster 130 light years 
from the sun (as is the Taurus moving cluster of eighty known mem- 
bers), though inconceivably remote by terrestrial standards, is yet a 
next-door neighbor compared with the whole galaxy. 



OPEN CLUSTERS 



distant than these movirig clusters appear to 



highly coftSeSi*ate3; the angular separations of their com- 
ponents are smaller, and their cluster-nature ,carjt,,be .pejceived visually, 
Clusters of tEIs" cltte^ and the Pleiades 

is a prominent example. It is to be noted that a closer crowding of me 
stars within the confines of the cluster would give the same appearance 
as greater distance, but it is probable that the majority of the open 
clusters appear to be more condensed than moving clusters because 
they are more distant and not because of greater spatial concentration, 

A niojvin^L^lu^^ 

<jJJ2a^^ angularly largestoT the open clusters are visible to the 

naked eye, and in some cases, though not all, the individual stars may 
be seen without instrumental aid. An example of aa Q^amxluster whose 
individual stars are invisible lo .the. .naked eye* though its integrated 
light allows it to be seen as a faint misty spot, is the great double cluster 
in JFJejs&y*^ the telescopic appearance of this object is illustrated in 
Plate ii. The more distant clusters, however, are not visible to the naked 
eye. Telescopically they are seen to be clouds of faint stars, whose 
arrangement is characteristically random, the cluster as a whole having 
no obvious structural symmetry, although this generalization is not 
universally valid. 

APPARENT DISTRIBUTION OF THE OPEN CLUSTERS 



Abomjjoo of these clusters are kn^wxu-Xi*^ the 

and has given them their most usual name 
they share with the fainter stars a strong galactic 
eir distribution in galactic longitude is more or less 
irregular and in general follows that of the fainter stars: the galactic 
cluster, in other words, wtjflr bring gnnfinflfl nlmnit nrlnnHy 
rrrinn of the Milli Wa.) TT^T hiphilrdl a l n g ^ t 
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DISTANCES OF THE OPEN CLUSTERS 



The problem of their distances and spatial distribution was attacked 
systematically by Trumpler some fifteen years ago, and his researches 
uncovered facts whose significance extends far beyond the realm of the 
open clusters. Tkp finjMJistances of the nearej:lu^^ 
spectroscopic paraTTaxes 



Trumpler's technixjui^^ 

starsjlnja^^b^^ their sgectroscogic tj^e.^As we shall 

see in Chapter vm, stars of each spectroscopic type are closely similar 
to one another in a number of respects mass, temperature, sop, 
ll^Tnnosity, and so on. Thus a fji^lj^nxj^^ estab- 

lisheoEctWfiJ^ star's "opoctrosgQpic &>qae and, among other things,^ 
kimwiaujty; hence from the type of each of Trumpler's forty-odd bright 
stars in each cluster its intrinsic luminosity or absolute magnitude 
could quickly be derived. Since, in completely transparent space, appar- 
ent brightness decreases with the square of the distance, the distances 
of each of the selected stars could now be calculated in a few seconds. 
And since each star is, within the limit of the inaccuracies inherent in 
the method, situated at the same distance from the observer, jt is nnjy 
necessary, to averae the results, Qmittinan stars. j^a 



^ 

from, t^p /nggnjfj^^ or foreground 

A^^i 



stars unconnerjrrl with t^.^lugt*M4_ln ^rrLr _..*** A^^i^jSa^ cluster's dis- 
tance with a. ..... fifcnbabls., ,cxCQi_of ..... flbflUt. .-fe... . W, ...P^JL.^.OJjiu 

The rthr^ 1 " cliifterr^ b^wr^^rj- Qr ^ so rrrr"^ QC ^ py^ludc the 



ind in ^ A t*- ^ hring ^c* pori-j ni | nr ]y jmporrnnt 
big rrhnmr Trumpler hf^frri^ynfvr-tt-fnrfhrr Hiifnnrr f 

^fAftfti^TJirrt i rr < ? whose distance he had already 



determinedi He found that the galactic Glufit^r% although at first glance 

their linear dimensions varied within wide limits, were nevertheless 

susceptible of classification according to their structure 

central conHe.n.sqj-ion. numbers^of stars cgrru^risjjBig fr h 

of symm^rjf. et cetera and that members of each group of this classi- 

fication were much more nearly of equal linear dimensions. Thng fpr 

the most distant clusters, to which the spectroscopic method is in- 

applicable, 1'LBffl.S n^' acc " ir y *" fWrmi'rtf* hy rlnc^ rXaminfltJOn tO 

thf r ^ asQ i%i1 t ^n they belonged, to measure 
and then to r^Hip^ir^ this w^K-^ A ^* J * < a *"^ 



derived for thc_group by a study of thejiear^r^usjtexs whose distances 
had been determined bv th:e:.iS3E5S3enL^pectroscopic method. 
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EVIDENCE OF LIGHT ABSORPTION IN SPACE 

The preliminary survey of one hundred clusters yielded distances with 
i probable maximum inaccuracy of 10 per cent to 20 per cent for about 
hree quarters of them. From this survey an extremely interesting fact 
merged, a fact whose significance has necessitated the reviewing of 
ill previous work on the size of the galaxy and the distances of in- 
lividual components of it. Knowledge of .the ^distance _ r .and a angular 
T 1vllc ' < Tr_ 




_ 

- When this was done, and the clusters arranged in order of 
listance, the further fact came to light that *% nrflr pr r]llc ^ rg *** 

mnnfrndifltnnf 



. - It appeared that, on the scale of distances derived, 

:he more distant a cluster is from the sun, the larger it must be an 
altogether fantastic proposition. Obviously, some systematic error had 
stan ^ e est i mates - After considering various possibilities, 

Int^tr^ ar -*pM is H ^ 



e sc l uare f t ' le j^^IIliJ^^^'^'- 1 ^ ^^ Hntfljr" 
g^ at small 



distanccs^bm^rowing to measurableproBSEIJ^ 

in short, the ^I^i^^ error. It was found 

that the degree of light absorption in spac3rehat it was required to 
hypothesize, in order to remove the discrepaft\between distances and 
diameters, amounted to about 0.8 magnitudes Ier 3,250 light years. In 



were 

When this correctionis^gfccted the derived 
Histance will be larger than the true distance and 1^ cluster will there- 
fore appear to be larger than in fact it is. 

SPATIAL DISTRIBUTION OF THE OPEN CLUSTERS 

The survey was then extended to include all of the 350-odd known open 
clusters; the light absorption correction was applied to the distances, 
and the results were correct within a probable error of 10 per cent to 
12 per cent. The following facts emerged. The galactic clusters form 
a flattened system similar in shape to the supposed shape of the galaxy 
itself, but exhibiting a degree of concentration upon their median plane 
even more marked than that of the fainter stars upon the galactic plane; 
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two thirds of all the open clusters are situated within 325 light years 
of the median plane of the cluster system. This plane of symmetry is 
nearly, though not quite, coincident with the galactic plane. The 
diameter of the system is something like 40,000 light years, its maximum 
thickness something over 3000 light years, although the outer regions 
are very sparsely populated. Within it, there is a strong concentration 
of clusters, not only upon the median plane, but also toward the center 
of this plane. The sun is situated at something over 1000 light years 
from the center of the galactic cluster system as at present defined. 
The bearing of these results upon the structure and dimensions of 
the Milky Way itself the star system in which the clusters are em- 
bedded, like currants in a cake must be shelved until we have learned 
something of the next type of cluster, the globular cluster. 

GLOBULAR CLUSTERS 

though resem- 

much 
L-ljb^-..r >g11 filustefs dkffer- frf^m-th 



globular 
blance mtJhj 
th 



e sa 



They 



Oppn ...rliicterg-in tbpir, fainl-r^pss pnd 




e T^jjojyga typical gloWoi^jdueWTr amHnoom- 
parsQO-owith Plate IT will immediately reveal both the resemblances 
and differences between the two classes of object. 

l some are very slightly oblate whcreas 
shage. ..... o^ 

^ pffi" i71 wggr g irr rtrnngly 




rurally the 



average distance separating Tw*o adjacent stars is smaller in the center 
of the cluster than in the outskirts while a trace of central condensa- 
tion is shown by only a minority of open clusters. Furthermore, the 
star density does not fall off steadily from the center of a globular 
cluster toward its periphery, but rapidly at first and then more slowl; 

These clusters are faint objects, only a few of the hundred-odd that 
are known being visible to the naked eye: we shall see shortly that 
this feature is dependent upon their great distances, for they are the 
most remote class of object in the galaxy. An interesting characteristic 
is that they are all roughly the same size; their average diameter is 
about 100 light years, while that of the condensed central portion is 
normally little more than one tenth of this figure. Shapley, who is 
responsible for the greater part of our knowledge of the globular 
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clusters, established this fact in the following manner. Most of the 
clusters contain variables in great numbers, and a very careful study 
of these has shown that their light curves are of the typical Cepheid 
variety. By their means Shapley was able to determine the distances 
of a number of clusters; once this was done their linear size could of 
course be deduced from their angular size. 

APPARENT DISTRIBUTION OF THE GLOBULAR CLUSTERS 

We shall return to this point in a moment, but first something must 
be said of the distribution of the globular clusters about the star sphere. 
This distribution has two outstanding features. 




Figure 34. That more globular clusters are visible in one direction than in the 
opposite direction indicates an eccentric position of the sun within the system. 

In the first place, the clusters are confined almost exclusively to one 
hemisphere of: the tieavensTTEc pole of this hemisphere, wKicITcontains 
over Ho cIustersTlTes inTheMilky Way in the Sagittarius region; in the 
other hemisphere there are only four. The only conclusion to be drawn 
from this, jJL/hr ^hiifitrrr arr 'jfntt^rH rhrough space with any degree 
of nniformi is that the sun isjxccntno^ 



fn tVp 



of the 



m 



Figure 34 

shows how such a location of the sun within the system would result 
in the asymmetrical distribution of the clusters in the sky. 

tne 




their distribution in galactic latitude shows a concentration in two zones 
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lying approximately alongside the Milky Way, outside which they occur 
with diminishing frequency and between which they are almost com- 
pletely absent. 

DISTANCES OF THE GLOBULAR CLUSTERS 

Shapley *s_main ob) ectjyewasjjo^^ of this 

system oFglobuTar cjus^is, and the first step toward accomplishing 



it was ^ll^ccm^te^ 

ad at 



[possible. We have already encountered thj2j33^^ that he ha 
his disposal: Cepheids; the fact tJbsiMd^^ 

lizc^wTTich size can be determined initially through Cepheid 



observations) and thirdly, the ahsnlutjB^ thf* 

fh at ^ e wrrafir. absolute magnitude j)f 



seems reasonable to assume that if this law held good 



for those clusters whose distances had already been determined, it 
would also apply to those clusters whose distances were yet unknown. 
For, the mean absolute magnitude of, say, the dozen brightest stars 
being known, it required only the sufficiently accurate determination 
of their mean apparent magnitude for their distance to be calculated. 
Before we proceed to an account of the results of this investigation, 
it would be advisable to glance a little more closely at the various 
assumptions "ihrrr nf in flva f k ff>p Hisi^n^ criteria employed by Shapley, 
for upon their validity depends the validity of the results. The founda- 
tion of his series of criteria is the Ccph_did Ti[ method i< for the subsequent 
discoveries of the uniformity of jthr jjg;a'"<i-tbe clusters and of the 
luminosity of trig, brightest fltajfs V]...th. result f .flipplyi^ff this met ,^2^ 
;n M r K fVplipirIc w* yjfiiblr The period-luminosity 



- 

relation of these stars has been confirmed time and time again, and 
results based on it may be considered absolutely reliable within the 
small margin introduced by inexact fixing of the zero point. But the 
variables in the globular clusters differ from true Cepheids in one im- 
portant respect, and it has been suggested that this difference vitiates the 
results derived by applying the period-luminosity law to them ) Though 
the shape of their liffht curves is that nf true Cepheids their period; 
are iq ^verv case very much shorter less than nnf * ^^ v - Despite this 
divergence of the cluster variables from typical galactic Cepheids, 
Shapley considered that the striking similarities between the twc 
justified his assumption that the period-luminosity law held for both 

His use of the cluster variables has been attacked from a somewhat 
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different direction by Kapteyn and van Rhijn. (^eoheids are known 
t$ he giant- srars T sFnw theses workers showed that cluster variables 



have lar^e proper motionsj and from this they argued ^ w \\\?y iigl 

than Shapley suppos.fifL Hence, since 



their apparent hrigjhfr^ss is t-h^r gf g giant at Shapley^s distance, they 
and the rl listens in which, thry O rrilr /""** be frnth f n i ni^r-and nearer 
fllrh^nrh it is now known that this is indeed 



the case, the particular argument under consideration is not to the 
point. Shapley retorted quite correctly that large proper motions are 
characteristic of variables in general, and Lindblad appears finally to 
have clinched the matter by showing that the spectra of at least some 
of the cluster variables are those of giants. 

The assumptions involved by the other two criteria have already 
been indicated: that because some of the clusters are about the same 
size they all are; and that because the mean absolute magnitudes of 
the brightest stars in some of the clusters are the same this uniformity 
applies to all clusters. Yet not only are these assumptions prima facie 
reasonable but they also appear to be justified by the close concordance 
between the results that are yielded by different methods. The odds 
against this being so in a large number of cases, if one or all of the 
assumptions are invalid, are so great as to be unacceptable. 

One further. a?jfinrrp i '^ n tW ^knplpy ^hesitatingly made, since at 

sti'ould jot>bEp>Kas that 



were 




souro 

Ol 

not considered aiPw^^^^TOfnneaistances mentioned in the next 
paragraph were being derived. 

The nearest cluster is co Centauri, which is also the largest (angularly) 
and the brightest; its distance from the sun was derived by Shapley as 
22,000 light years. That of the furthest, N.G.C. 7006, is in the neigh- 
borhood of 200,000 light years, nearly ten times as great. It will be 
recalled that the i^yil rlijinni galactic dnsiti^ whioh .aro objeetj jkew- 
fny on^ ^emisnhere of thr star vaiilf. .arr distant qhnnf 



1; ghf yrnrn frnni fhr 1110, nr jiTft ^+ +V cam/* 
t jlnhiilnr rhntrrfi 



SPATIAL DISTRIBUTION OF THE GLOBULAR CLUSTERS 

If we accept as the explanation of the one-sided distribution of the 
globular clusters that the sun is eccentrically placed within the system, 
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we have immediately at hand a logical explanatioTTtor the different 
distributions of the open and the globular clusters. The open clustery 
all of which are nearer than the nearest globular clusters are too close 
for any /piling np' pflfor tn hi nnrinH - ^ ^r r rtjnn of the yalactiy 
hf /"i*** f^f- j-Kio. TYV/XW ^iotnnt- crlnhular clusters this is 



n 1' f thr rag * Figure 35 may help to clarify this distribution. 

The second feature of the distribution of the globular clusters their 
avoidance of a zone stretching for about 10 on either side of the 
galactic plane at once reminds us of Trumpler's discovery that the 
light is absorbed by, presumably, diffuse dusty or gaseous material 
permeating the central plane of the Milky Way. His experience of 
the distribution of the open clusters led him to believe that this material 
constitutes a thin sheet, probably of varying density and light-absorbing 
powers, probably not more than 600 to 1000 light years thick, and 
extending centrally through the system of galactic clusters that is, 
with a minimum diameter of something like 40,000 light years. This 
stratum of obscuring matter would effectively mask any globular 
clusters lying in its plane at still greater distances, and result in the 
observed bilateral distribution of these distant objects. 

Evidence is not lacking that this account is in the main true. Ac- 
cording to Trumpler, the heaviest absorption would occur within 10 
of the galactic plane, the very region from which the remote globular 
clusters are missing. The fact that the vast majority of visible globular 
clusters lie outside this region explains why they are free from the 
color excesses that characterize the remoter galactic clusters within it. 

MECHANISM OF LIGHT ABSORPTION 

At this point a few words on the mechanism of light absorption must 
be interpolated in order to make the meaning of the last sentence plain, 

of a rarefied clpnfl affrrt light pnrminr 

if in on^ of f^Q W^ ' Ai'V'ni i iiiifl' 'ii'> whpfW the particles are 
larger or smaller than a certain critical value. This thrc-^nlr] jfi pjimn 
the iffiivr-^-gth rrf light * if the diameter of the particles is larger than 
this value, they will scatter light of all wave-lengths to an equal extent, 
so that the source will appear to be dimmer than in fact it is; if, on the 

*Because of the systematic description of the nature and behavior of light given 
in the next chapter, it will suffice to state the following facts in elucidation of the 
present account: d} liffht behaves .as.. though jt wer r a cy^pm rf ways? (2) the 

^jici-anrp ce-riLrQljax3iIti/? r * ^ 



the wave-lensth offrecTMiffht is longer than that 
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other hand, the diameters of the particles are on the whole smaller than 
the wave-length of light, the absorption will be selective, the degree of 
scattering varying inversely with A 4 where A is the wave-length of the 
incident light. Tjins r hlue r light wi|])j^; scattered rnpre than the red 
just as the sun's light is scattered by the molecules of the terrestrial 
atmosphere, giving us a blue sky, and a red sun at sunrise and sunset 
and the light from the source will appear to be redder than it actually 
is. Absorption by small particles, as against absorption by large particles, 
changes the observed color of light from a source beyond them. 



Shapley's 
Co-centre 



Trumpler's 
Open Cluster 
Systt 



"Zone of 
.nee" 




Globular 
Cluster Zone 



Figure 35. 



Shapley's 
suggested 
Galaxy 



Now the color of a star may be expressed in the form of the color 
index, or c/i. Photographic plates and the human eye are sensitive to 
slightly different wave-length ranges, the eye being comparatively more 
sensitive to red light and less sensitive to blue; hence the apparent 
brightness of a star as shown by a photographic plate may be greater 
than, less than, or the same as recorded by the eye; a red star photo- 
graphs fainter, compared with a blue star, than it appears visually. 
The difference between the photographic and visual magnitudes of a 
star depends upon the color of the star it is, in other words, an index 
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of the star's color. If we write m p and mv for the photographic and 
visual magnitudes respectively, we have c/i=_Wp~-^y>gi^_ 

Since stars of different spectroscopic types are of different colors, the 
c/i of each type is distinctive and has been established carefully by 
using near-by stars that are not materially affected by interstellar absorp- 
tion. If the light of a distant star is subjected to selective absorption in 
transit to the terrestrial observer, its c/i will be altered, and this dif- 
ference between the observed c/i of a star and the normal c/i for stars 
of its spectroscopic type is called its color excess. If, then, the absorption 
detected by Trunipler is of this type, the stars of the more remote open 
clusters should have noticeable color excesses, and the excess should be 
a direct function of the distance. This has actually been found to be the 
case, adding one further buttress to the edifice raised by Trumpler. 

LIGHT ABSORPTION AND THE SYSTEM OF GLOBULAR CLUSTERS 

It was noted on p. 121 that the majority of globular clusters are free 
from color excesses, although more distant than the open clusters, for 
the reason that light passing to the terrestrial observer from an object 
outside the 20-wide band centered on the galactic equator would travel 
through only a negligible thickness of the absorbing medium. This 
interpretation is borne out by the fact that the few globular clusters that 
have been detected within 10 of the galactic plane do show the effects 
of the same absorption to which similarly situated open clusters are 
subjected. For these globular clusters are measurably fainter than their 
distance, as determined by their diameters, would warrant. 

Shapley's estimates of the distances of the clusters lying far from 
the galactic plane are therefore not largely affected by the new light 
that has been thrown on the question of interstellar absorption. But 
whereas his globular cluster system was originally thought to be a 
flattened structure, drawn out to a diameter of fully 300,000 light years 
in the direction of the edges of the 'zone of avoidance,' it now appears 
that the distances to clusters in this region of the system have to be 
pulled in to counteract the effects of absorption upon the original dis- 
tance measurements. The result is that the globular cluster fiy^nj 
unlike k)th the galactic and thejo^er^ rnor^ or \^s 

T hP n QJ\ w irb a HiamptfT of ^nm^W!^ to Too.QQQ.light vears. Figure 
35 givegfsome idea of this; both the scale and the outlines are neces- 
sarily uncertain at the present stage of our knowledge, but are likely to 
be approximately correct at least. 



124 QUANTITY A GEOMETRIC PICTURE 

THE GLOBULAR CLUSTERS AND THE STELLAR SYSTEM 

The point at issue at the present time is whether the known galactic 
clusters are coextensive with the galaxy, or whether the latter is not 
coextensive but concentric with the system of globular clusters. That 
the globular clusters and the galactic system are not coextensive in all 
directions seems highly probable, for whatever the extent of the galaxy 
in its median plane beyond the star fields of Sagittarius, it apparently 
is (as Herschel suggested nearly one hundred and fifty years ago) a 
highly flattened structure. Thefnrrber 



latitudes seem almost frrtTTnly f n hr tmj ;ninirlir nhjiTNr^atelites of 



[ 
ili 



the galaxy, if we like ? or flies hoyef jpg ahnvr <*^ rf * TirK^^ 
raisins are the galactic cjustejfr 

But though the globular clusters may not be coextensive with the star 
system, the latter will be of very different dimensions if it is (i) ex- 
clusively coextensive with the system of known open clusters or (ii) 
:oncentric with the globular cluster system. JMhe latter^ {foe, center 
of the galaxy liggjjt a di *" 1 "^ if pf r hflp g 




wi]] k p nf f ke order n Li^^2--1ig^ 1 ' y*?- i n 



If, on the other hand (i) represents the true 
picture, then the sun is much more centrally placed in the star system, 
whose diameter is at the same time reduced to something like 40,000 
or 50,000 light years. These opposing schools of thought are cham- 
pioned, respectively, by Seares and Shapley on the one hand, and by 
Trumpler on the other. The pros and cons may conveniently be 
tabulated as follows, their statement in such a forthright form being 
justified by the fact that at present one man's guess is as good as his 
neighbor's. 

THE STELLAR AND GLOBULAR CLUSTER SYSTEMS ARE CONCENTRIC 

i. ThjLfhr pnfiitinn nf the gnn miMlLthft ] Y 1C ^ rr<ani " r1 ^ is sug- 
gested by 

(a} the comparative^icJaiicsSu^f the Milky Way in thcjlijiectien 
of Sagittarius, as against the direction 180 away in galactic longitude, 

(b) the~ "oilarrH Histri^ 1 j^J2!]L2fj^ a * so centere d 

upon the Sagittarius region, 

(c) the preference shown by the most distant types of galactic 
object, such as novae, for the galactic hemisphere centered on 
Sagittarius. 

*Before correction for absorption, Shapley's figures were 300,000 and 100,000 
light years for the diameter and the eccentricity of the sun respectively. 
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ii. Since the globular clusters are disposed with approximate symmetry 
about the galactic plane, it is assumed by Shapley that the two center c 
are coincident. 

iii. This center, in the case of the globular clusters, lies in the same 
direction as that suggested by the foregoing considerations for the 
galactic center, at a distance of very roughly 30,000 to 50,000 light years 

THE STELLAR AND OPEN CLUSTER SYSTEMS ARE COEXTENSIVE 

i. More significant than the roughly symmetrical distribution of 
gln^lpr.rliiQt-ppi n r ~irV~ " :J " " r - U " i * ' | ....... is the entirely 

uiistellar distribution of these objects. Whereas the stars are concentrated 
into a flattened, pancake-like system, th*climrn nrrnpy.a m^arr ...... ,Qt less 

spherical volume 



ii. The distribution of the galactic clusters, on the other hand, is pre- 
eminently stellar in character. The concentration of the open clusters 
upon the galactic plane (or one very close to it) is, in fact, even more 
marked than that of the fainter stars. 

iii. The closeness of the correspondence between the two systems is 
indicated by the closeness of the correspondence of their respective 
median planes. 

iv. Mere inspection shows how intimate is the association of the 
galactic clusters and the star clouds of the Milky Way. 

v. Other stellar systems are known, and are shortly to come under 
discussion. Shapley 's estimate of the size of our own stellar system 
makes it about five times as large as these similar star systems. One 
of the nearest of these 'island universes' is about 40,000 light years in 
diameter, an approximate figure which agrees well with Trumpler's 
figure for the diameter of the open cluster/galactic system. That this 
nebula (M. 31) is known to be exceptionally large, accentuates the 
discrepancy in Shapley's figures, although, as we shall learn later, not 
too much reliance must be placed on this analogy. 

THE REALM OF THE EXTRAG ALACTIC NEBULAE 

The objects referred to in the last paragraph are the cxtragalactic 
nphifae^flr so-called 'islancJ universes.^ 1 hey are exceedingly numerous, 
the positions of some 20,000 having been specifically determined, this 
perhaps representing one tenth of the number whose images are rec- 
orded on existing plates. Hubble, the foremost authority in this branch 
of astronomy, has estimated that were the galaxy perfectly transparent, 
something like 100,000,000 extragalactic nebulae would be within long- 
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exposure photographic range of the Mt. Wilson 1 00-inch reflector 
within, that is to say, a distance of about 5X io 8 light years. The recently 
completed 200-inch reflector should, theoretically, double this distance. 
Thus the observable region of space is a sphere centered upon the earth 
whose present diameter is of the order of io 9 light years (cf. the dis- 
tance to the remotest galactic objects probably of the order of magni- 
tude of io 5 light years). 

These myriad, faint, enigmatic objects have been the subject of 
energetic speculation for the better part of two centuries, and the idea 
that they may be stellar systems similar in general outline to our own 
i.e. true 'extragalactic' objects is far from new. In the time of Kant 
(mid-eighteenth century) the conception of 'island universes^ was 
already considerably developed and bandied about as a philosophical 
speculation. The conception remained in this category of human ideas 
until little more than twenty years ago, when the distances of some 
of the nearer nebulae were at last determined, and the theory of external 
systems elevated from the plane of speculative fancy to that of ascer- 
tained fact. 

APPARENT DISTRIBUTION OF THE EXTRAG ALACTIC NEBULAE 

Before we can describe in any detail the methods whereby this most 
important advance was achieved, however, something must first be said 
of the distribution of the extragalactic nebulae. Their disposition upon 
the star sphere is even at first glance peculiar and unlike that of any 
class of object that we have yet studied. 

Briefly, jhf fjpi 1 *^ art f1 H^PMfll ^fbnlap (see Plates xvu, xvm, xix, 
and vv ) niT Ofirn 1 '^ "p^-* ^ lyfjlVy w^ a f ac t that was for many 
years held to indicate that they were dependent to some extent at any 
rate upon the galaxy, and therefore probably not extragalactic; from 
the Milky Way itself they are completely absent; they are of rare oc- 
currence for some distance on either side of it; and it is only in the 
regions nearer the galactic poles than the equator that they are en- 
countered in large numbers. Thus they reverse the usual procedure as 
exemplified by the galactic clusters, faint novae, and distant variables, 
and star clouds, all of which congregate about the galactic plane and 
are conspicuously absent from the regions of the galactic poles. Before 
the first extragalactic distances were incontrovertibly established this 
aspect of their distribution was the usual rejoinder of adherents of the 
'extragalactic school' to the intragalactic argument just mentioned. 
Although the extragalactic objects of all types share with the globular 
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clusters an avoidance of the galactic plane, they 'dffter trom them in 
occurring with equal frpr^pry iq dl galactic longitudes. Thujjiry^ 
mntt-pr of Hisranrr thc^^ might he expected to represent 



a sortofialfway house 




Methodical ana painstaking surveys have filled in the details of this 
rough outline. Three distinct zones may be distinguished. The fkst is 

tO. 

the median line of this strip is t h 

of :.i plrii iiaiinidinr* The se^ondjj^^ 

^^ r lJ[]fjLJE r ilI^ nlang fiithftr side y Tons ij and is nnr nf pnttlnl .jTv^i^- 

^phere ! two 




^^!^j!^I15^KK^nding .fi^ni^-tLfi.^. galactic, pole& vdawji a,. bg edges of 
zoijj2 It is in this tjjLmdjsgne thatjiifi-Apifftfe-dftAellip.tical nebulae are 
found jj^}}Jj^JBy]iadS: but even here their distribution is not precisely 
uniform: area for area, progressively larger numbers of nebulae are 
encountered the farther one moves the direction of observation from the 
lower galactic latitudes toward the poles. The precise nature of this 
numerical increase is peculiar and its significance will be discussed 
shortly. 

EFFECT OF INTERSTELLAR ABSORPTION ON APPARENT DISTRIBU- 
TION OF THE NEBULAE 

We have determined the apparent distribution of the extragalactic 
nebulae but it now remains for us to account for its pecularities in 
terms of three-dimensional or space distribution. The clue to this transla- 
tion has already been placed in our hands by f rumplgr. Not only is the 
piling up of star clouds and diffuse nebulosity in the plane of the 
galaxy apparent from any photograph of the region, but the spectro- 
scope and the investigation into the linear diameters of the open 
clusters both indicate the existence of an absorbing lay er^ probably 
somewhat thin, extending throughout the 
galactic., 



of ^e^tragalax^^nd^ilac^ 

galaxy itself hiding 



trom our eyes those ex&agoiaak object* that lie beyond it in the 
extensk>@ ...... efe4l 



The seQJQlLzaft, the fringe qlopg either ffijflf f]f fhf 

ance,' rW[ yf g frqrn thf gradual tHlMiiiifr^^ 

6. But whoJUiLthfi.'third zcne, that extending from the second 
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toward the poles? Since obscuration, rather than a graded spatial dis- 
tribution, is the cause of the apparent anomalies of distribution within 
the first and second zones, it is natural to look for a similar cause here. 
And that this is correct is shown by the fact that the number of nebulae 
visible in successive galactic latitudes from the edge of zone 2 up to 
the poles themselves increases in the same manner that the visibility 
of faint stars increases as they move from the horizon toward the zenith 
in their diurnal revolution of the star sphere. In other words, ihe ar- 
ticular increase in numbers visible in increasinl 



such a nature as indica^s'^prngrpssively ^majkr dfg rp i a nf absorption 

> SOin^ a cpni1y nr rlncf marKum, th 



in different latitudes Jbeing proportional to the .rggpr^ivp lengths ,nf 
TriTTightpaths through the absorbing medium. Not^onl^ thfilfif 0^^' s 
tKere' aTieterogeneous and relatively dense^J.av^^^ 

j-ff^^fT"^^ f enU QUs2aDSorbj.ng cloud probably 

\y\\l\ the._whole star system. 



._ 

Hubble has estimated that trie optical thickness of the galactic 
absorbing layer is about half a magnitude, and when allowance is made 
for this absorption, the apparent dependence of extragalactic distribution 
upon galactic latitude vanishes. The large-scale distribution of the 
nebulae is seen to be uniform in different galactic latitudes, and at the 
same time no appreciable systematic variation of numbers with galactic 
longitude is to be detected. Furthermore, the distribution of the nebulae 
throughout the two polar caps is, within the limit of error, identical, 
indicating that the sun is approximately centrally placed relative to the 
minor axis of the absorbing layer, and that this layer is indeed coin- 
cident with the galactic plane. 

LARGE-SCALE SPATIAL DISTRIBUTION OF THE NEBULAE 

nJi. r^||fr that, jlfn t*^ fifectS of jrnl jiff j 



are o - r 



.. 

jftgj-Tjfv in ^]] 4irfrti nt l^ was reached by means of surveys of nebula- 
numbers down to a limiting magnitude of 20 in over 1000 sample areas 
distributed over the whole star sphere. But in addition to a 'surface' 
survey of this sort, it is possible to carry out surveys in depth. _Gr anted 
thorrnm r ri iij ml i *j ) ........... ^^^^^y^ ^ g f jl j^ r n ^J n ^^: 

ta^ploLjJaeiiijnimbers ffl 



_ 

with "fl"paiiiiiultti"4imft!i i ftg i Hiftgff*kud<f simply to count the numbers oj 
nebulae brighter than each limiting magnitude is to provide us witl 
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When this is done, the same spatial homogeneity is encountered.- 
whole of the present observable 

appears tcT5^ uiiifoiiiily IJtncf impartially pnpi il argrl wi rh nebulae. Nor 

is there any indication tliat Llie piuiiwnl lilTfitof observation is anywhere 
near the limit of the system of extragalactic objects, for with their 
numerical increase in magnitude their numbers increase steadily and 
(when corrections for the red-shift are made)* exhibit no appreciable 
falling off as the limits of the observable region are approached-JThis 
isin striking contrast with the stars; we know that, in the directioiTo! 
the galactic ' poles," drtff present instruments can probe almost, if not 
quite, to the confines of the galaxy, for fewer of the faintest stars are 
visible than would be expected were there no thinning out of stars in 
these distant regions. Since tfc$ exlragalactic nebulae snow no s Hb 
thiimin-H*t, it follows that with numerically increasing magnitude 
the nebulae catch up with the stars in number. From magnitude i down 
to magnitude 21 there are at the galactic poles more stars than nebulae, 
area for area, though the numerical superiority of the former decreases 
with each successive magnitude. At magnitude 21.5, however, stars 
and nebulae are equally numerous. This happens to be the limiting 
magnitude of the Mt. Wilson loo-inch reflector. Observations are now 
being made with the new 2oo-inch, which may show that at magnitudes 
lower than 21.5 the extragalactic nebulae are actually more numerous 
than the stars. 

Whereas pr^nt *"y"p**nr fun **' ] ^ '*"* * 1 '" 1 ' I11I>I r '"^ ^ ' r 

system in thtr Hirr^'^n ? f t^ p poles, dl-^Ytrra nLfixjragalactic nebulae 

'JJS M ,no observational indication that 



onr 



is worth 



^^ 



between the extragalactic nebulae and the stars in the matter of their 
distribution in depth is a conclusive demonstration of their true 
extragalactic status and remains so independently of any linear distance 
determinations. 

SMALL-SCALE SPATIAL DISTRIBUTION OF THE NEBULAE 

Although the large-scale spatial distribution of the extragalactic nebulae 
is uniform in all directions and at all depths throughout the observable 
region the average separation one from another being 2X10 light 
years their small-scale distribution is highly irregular. Apart from 

*T?>=rJ-<^t'f|-c a spectroscopic phenomenon which will be discussed later, tend to 
iiake the morr Himnl n lirli ...... nip- * *- itn" t^T rrfl.lly- ajMM " h< ' nr< " they 

appear to be more distant than they are, which in turn produces a spurious 
effect of thinning out. 
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single nebula and small groups consisting of several members, there 
is also a number of giant clusters each containing some 500 nebulae. 
Of the former the 'local group/ consisting of 13 known members 
all within about io 6 light years of the galaxy, may be taken as tolerably 
representative. The largest member of this sub-family of 'extragalactic' 
systems is the galaxy itself. The.Jvlageljanic^ clouds (see Plate vi), on 
account of their nearnfs^Ifni^size^aa^ 1 unusual stxufitH6jnaY_p.rob- 




liglaM^ 3 *"^^ 5 and 



their diameters 12,000 and 6000 light years. The giant M.3i of 
Andromeda (the central portion of which is shown in Plate vn) is to 
northern terrestrial eyes the most striking member of the group. It is 
distant some 760,000 light years. M.33, a late spiral, is the most distant 
of the local group.' It was to this group of nebulae that the initial 
Cepheid observations were confined. 

The giant clusters arc of infrequent occurrence, only about twenty 
having been definitely established so far. The largest and nearest is 
situated in the constellation Virgo at a mean distance of some 7X10 
light years; that of the most remote yet studied is about 2.4X10 light 
years. The proof by distance determinations that these are true spatial 
clusterings is reflected in the fact that the members of any one cluster 
are mostly of the same type: in one, for instance, spirals predominate, 
in another the globular and early elliptical types. But the diversity 



of types within any given cluster^k^considerable enough for the in- 
faftrttrbe estaMtSfr^thfo^ 

Z^Iofaulflr nfhipae to th effete-type ^piVg^. It is not even 



required tVj^iowtheJjjiear^istance of"Veki^ljudi--r^bulae in order 
to establish this fact, for all its constituent nebulae are at substantially 
the same distance from the observer and consequently linear diameters 
are directly proportional to apparent diameters. 

DISTAJ^CIES^OF THE EXTRAGALACTIjC NEBULAE 

The ground is now cleared for a discussion of the linear distances of 
the extragalactic nebulae. The problem has been attacked and solved 
from a number of angles; their extragalactic nature is now established 
beyond possibility of reversal less by any single and conclusive proof 
than by the uniform consistency of results derived by independent 
methods. 
It was not until the early 'twenties of the present century that in- 
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dividual stars were finally and incontrovertibly detected in an extragalao 
tic nebula; but before that time indeed, as long ago as 1889 there had 
been indications of the stellar nature of certain regions in the larger 
spirals. Photography had effected partial resolutions, but whether the 
quasi-stellar points whose images were imprinted upon the plates were 
stars or unresolved clusters, or possibly some form of stellar progenitor, 
was not certain. Again, novae had been found in some nebulae, but 
the evidence of these was to a certain extent contradictory and the 
significance of the observations difficult to evaluate, owing primarily to 
incomplete knowledge of these objects. The status of the 'extragalactic' 
nebulae was, in fact, a matter for speculation, but, on the incomplete 
data then available, for speculation only. 

EVIDENCE OF INDIVIDUAL STARS 

In 1923, however, the whole complexion of the controversy was changed. 
The Mt. Wilson loo-inch reflector not only carried resolution of M.3I 
further than had been achieved previously but for the first time estab- 
lished that the doubtful stellar points were indeed stars: for some of 
them exhibited Cepheid variation. As so often happens in the progress 
of science, the breaching of a long unassailable barrier was quickly 
followed up by a spurt of new developments in the same direction, and 
by the end of the decade forty Cepheids and well over eighty novae had 
been discovered in the Andromeda nebula, while Cepheids had also 
been detected in other spirals. The maximum magnitude of the first 
Cepheid in M.3i was only 18.2; yet its period of about one month 
indicated an absolute magnitude of 4, or 7000 times that of the sun. 
For a star of this luminosity to be reduced to an apparent magnitude 
of 1 8.2 it must be removed to a distance of some 900,000 light years 
from the observer. Subsequent investigations involving the absorption 
of light in space have reduced this distance to approximately 760,000 
light years. At such a distance it would be well beyond the farthest 
frontier of the galactic system.J3nj^^^^ 

dantlj^confir^ was thiU5,shawJi -to be, truly 

extragalactk: a hypothetical observer on an imaginary planet revolving 
about a star in the nebula M.3i would call our stellar system an 
extragalactic nebula probably of late spiral type. 

Parallel investigations confirmed this general order of distance. The 
brightest stars visible in the nebulae to which these early examinations 
were confined would, at such distances, have absolute magnitudes com- 
parable with those of the most intrinsically luminous stars in our 
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galaxy. Having established the distance of some of the nearer nebulae 
all of the general order of one million light years it became possible to 
transcend this scale and by successive extrapolations extend the sphere 
in which distance determinations were possible beyond that in which 
Cepheids were visible. Cepheids are not the brightest stellar objects 
that may be distinguished in the spirals, just as they are not the most 
intrinsically brilliant galactic objects: they are surpassed by novae, by 
the abnormally bright novae known as supernovae, by certain irregular 
variables, and by the stars known as blue giants (of which we shall 
learn more in Chapter vm). 

With increasing faintness of the nebulae it is found that these objects 
fade into invisibility in the order of their normal luminosity as exempli- 
fied by galactic counterparts which have been exhaustively studied. 
Not only does, this fart Hrmnnsfratp r\}^t^p^r^' 1 ^^j^^ ..... of fre 
as a wbnlf yp, k ? m PlY d K a gengral m> r jon of its-Jis- 
criterion that, once established, remajiisvalid after t^, 

ceaqjS^^ 

object. .pap hav* ^rigr"* ^ ^ ^ ?h cn lMtr npgnirH** frnr n w 

wirhin 



jicj ....... fc^jOTattLjreiddjy Even, therefore, in the case of those nebulae 

which are too distant for Cepheids to be detected, these further classes of 
star allow the distance to be determined, though admittedly with a 
wider margin of probable error. 

APPARENT BRIGHTNESS AS A DISTANCE CRITERION 

Yet even when we have passed the limit at which the last blue giants 
and supernovae have faded from sight, and have reached the borders 
of the vast realm of nebulae which show no trace of stellar resolution 
whatever, we are still in the close neighborhood of the galaxy close, 
at any rate, by comparison with the whole observable region. Does 
this mean that the distances of only our nearest extragalactic neigh- 
bors can be plumbed? Emphatically not, for our knowledge of the 
latter distances has already provided us with the key to the next leap 
outward. Though stellar resolution is possible in only about 125 nebulae 
just reaching to the nearest of the great clusters, that in Virgo at a 
distance of about 6.7X10 light years, or 1/80 of the radius of the ob- 
servable region this nevertheless represents a fair enough sample 
upon which to base the next extrapolation. Examination " 

*"^ distances had been dete mined w isffrvns of 



hovH *-Hr rbmi^h th ff ; linear size of a 
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upon, its jypr ? n 4 peninnn- iiiMiiht itqiitrifyj y~t ;< " c 



tolerably constant cjt all .stgfgfifi f roro i iffl^llul^iuJ'fliiilflJtff, siral^ Thus a 
method of _cdibra^ion is established a correlating 



jj h t Uf iSS The permitted range of 



luminosity among the extragalactic nebulae was quickly discovered to 
be small: the luminosities of half the near nebulae whose distances 
had been established by observations of involved stars lay between 
one half and twice the mean value of 8.5 Xio 7 times that of the sun. 
With this new weapon, the distance of any visible nebula may be esti- 
mated with a probable error not in excess of 20 per cent to 30 per cent 
an incredible achievement, as will readily be acknowledged when it 
is reflected that the frontier of the visible universe is something like 
1000 million light years distant. 

THE RED-SHIFTS AS A DISTANCE CRITERION 

It has already been remarked that inner consistency is the main justifica- 
tion for confidence in the scale of distances revealed by the extragalactic 
nebulae. The correctness of the extrapolation from the Cepheid and 
other stellar determinations of the nearer nebulae to the brightness de- 
terminations of all nebulae within the observable region is strikingly 
confirmed by the so-called 'distance-velocity' relation, or, more pru- 
dently, the red-shifts. This phenomenon the happy hunting ground 
of popular-science writers in the press, and the subject of much loose 
and illegitimate speculation by the scientifically minded man in the 
street remains one of the foremost enigmas of the fundamental pattern 
of the universe as at present discerned. 

The reader is already familiar with th-^ajL-li2 cajji3j-j^glorj.i'i&^^ 



i.C. Velocities in the pfr^rwr'c 1W nf dakf - are rpypnleH and 

bv the spectroscope^ When the source is Approach ipg- the observer, the 
wave-length of the radiation is shortened, and the whole spectrum 
shifted toward the blur fifH* wKpn rprpduiff from the observer, the 
wave-length is ltb^^rL 3 nr ^ --the shift in rrn t i nf pi n ntl 



In the former case, the radial motion of the source is said to be 
negative, and in the latter positive. 

The measurement of the radial velocity of an extragalactic nebula 
was first accomplished ky ^ ; pVrJL n iQ 1 ^; *"he _ rjehnlfl was rfr 

cpiral onrl fKe 



" s\ vrfr < T Tr or lg XX7ag 



*The mechanism of velocity shifts will be more circumstantially described in 
the next chapter. 



QUANTITY A GEOMETRIC PICTURE 

and hy ifa&Jm&Jlutt,^ 



Jaeing. deto mined,, ,,&Qme, Jpxtt li^I^^ 
A few of these, which had been derived for the brighter and therefore 
presumably the nearer spirals, had been negative, but as the determina- 
tions accumulated, positive radial velocities quickly predominated. 
Some of these were of a high order of magnitude, strikingly contrasted 
with the velocities of various galactic objects with which astronomers 
had, at the time, been solely familiar: another clear indication of the 
galactic independence of the spirals. The limiting velocities of the 
group of 45 known in 1925 were 190 and -\-i,i2^ m.p.s., the mean 
being -f-375 m.p.s. At this time, too little reliable knowledge of the 
distance criteria had come to light for any correlation of distance with 
radial velocity to be attempted, but by the end of the decade the startling 
discovery had been made that the size of the red-shift of the spectrum 
of any nebula was dependent upon that nebula's distance: the more 
distant the nebula, the greater the shift. 

that J,hs .relation between 



distance is&d m the ^redg^Ll, direct ,wd luieai^^ih^e^^ 

^XJCii^^ ve !l!3iL^ 

by huiidrejjs^LmUes |[1|| pej' ^c^oncf. More precisely, every increase of io ( 

hgn^ears in distance adds 107 m.p.s. to the positive radial velocity 
We may express this relation in the analytic form z/ 107 d where v is 
the velocity in m.p.s., as indicated by the red-shift, and d is the nebula'? 
distance in io 6 light years. At once we are furnished with an additional 
distance criterion which provides an independent check on those alread) 
derived. The distances as derived from the red-shifts, combined with 
the apparent magnitudes of the nebulae, led to their intrinsic luminosi- 
ties by a simple calculation, brightness decreasing with the square of the 
distance. Intrinsic luminosities of a number of nebulae had also been 
calculated on the basis of distance determinations by means of involved 
stars. And it was found that there was a good correspondence between 
the two sets of results. The validity of both lines of approach to the 
problem of extragalactic distances was thereby strengthened, for it 
would be quite beyond the bounds of probability that an identical 
numerical error was involved in each. 

Humason, using the loo-inch telescope and the most sensitive photo- 
graphic materials, has carried the distance and radial velocity deter- 
minations out to about 2.4Xio 8 light years and finds the radial velocity 
of recession to be about 26,000 m.p.s., or one-seventh the velocity of 
light! If we assume that this linear relationship holds to the present 
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limit of observation we should expect to find these objects receding 
with velocities of the order of 50,000 m.p.s., while it is at a distance only 
three times as far as we can explore with the loo-inch that the velocity 
of recession reaches the velocity of light. This is a problem of tre- 
mendous importance to all present-day philosophy of the physical sci- 
ences. While the 2OO-inch will not reach out to the distance where a 
velocity of recession is equal to the velocity of light, nevertheless one of 
the early problems with this new instrument will be to determine 
whether the relation between distance and the red-shift remains linear 
to the limit of observational distance. 

RECAPITULATION 

In brief outline, the foregoing account represents the extent of our 
present knowledge relating to the dimensions of the extragalactic 
universe, and of our galaxy as a member of that uni versq J|-Qrji nakeoV 
jataeE^^ 
-^^ 
s, distant-rat whidb ow k^wkdgcJs JinaJJy j^estoL. 

The initial step of this journey was to establish the true figure of 
the earth. This necessary preliminary was followed by the disentangle- 
ment of terrestrial from extraterrestrial motions, and the discovery 
that the veil of delusive appearance that distorts our vision of reality 
is largely the creation of the earth's own motions its axial rotation and 
circumsolar revolution, neither of which is directly apprehended as such 
by the senses. 

Man's progress in cosmological understanding was then traced from 
Ptolemy, to Copernicus and Kepler, and on to Newton; it was shown 
that Kepler's laws of planetary motion were corollaries of the single 
law of universal gravitation. 

The true spatial arrangement of the various members of the solar 
system was thus established, but it was stiHamap without a scale, 
The first obkd-JB bf . gnrYfiyH in wa< f hp<jjQp3. by means^pj triigj> 

widely separated stations on the earth's sur- 



faceTTo determine the sun's much greater distance, however, required 
new principles of distance determination. Of these, the most important 
is the prior determination byj^Qpome^ 

of a near planet such as Eros, whence the solar distances of all the other 
planets (including the fundamental earth-sun distance) can be derived 
by the harmonic law. 
The leap from the solar to the stelkfr system involved yet another 
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search for new and more powerful distance criteria, interstellar dis- 
tances being incomparably greater than those between planets. The 
successive extrapolations, by means of which further and further reaches 
of the stellar universe are brought within the astronomer's grasp, were 
then described; this led to a discussion of the stellar system as a whole, 
and of its structure and size as revealed, in particular, by studies of 
the clusters. 
Again a fiJgflMC 1?9J? ihfrd to fe e taken 



-., 
once again, the discussion was 

restricted to the problem of their spatial distribution, including their 
distances. 

But of the nature of these various bodies planets, stars and nebulae 
next to nothing has been said. The picture that has been drawn is 
no more than a geometrical diagram. It is now necessary, therefore, to 
retrace our steps and to reconsider the heavenly bodies, not merely as 
stones across the observable region, but as things in themselves. 
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VI. Entry of the Spectroscope 



The man in the street will believe the evidence of his eyes little 
realizing what a fallible criterion of the truth this may be provided 
that such evidence is, so to speak, direct and not in need of interpreta- 
tion. Thus he does not regard the astronomer as trangressing the 
bounds of reason when he states that the existence of mountains on 
the moon is proved by the fact of their being visible with a telescope. 
A photograph of the moon, taken with the aid of a telescope, requires 
no more interpretation than does 'common-sense' everyday experience: 
there are the mountains, plain and clear for anyone to see. 

But presented with a sj^cjxGgram of the snn- g photograph tnk^n 
^ and told that it con- 



stitutes conclusive proof (i) .,that 



(ii) tbnr itr. nitrfnrfi tfinnprraiiirc i 




neighborhood, of 6000 ^ 

P2^fj^d of an rtfrp^p^f 8 "^tr? t^^p^^ny* i g -l^wnr than that __of_ 
the. r^4idt srfay-and (v) that this atmosphere contains calcium, 
iron, hydrogen, and nearly sixty other elements, all of which are also 
found on the earth told all this, and our 'common-sense' man may 
well be skeptical. For the spectrogram seems to be and, without proper 
interpretation, is totally unconnected with any of these facts; this 
will be appreciated from Plate viua. A considerable degree of interpre- 
tation of the spectrogram is necessary before this information emerges: 
the fact of the sun's surface temperature does not stand out from the 
spectrogram in the same obvious way that the fact of the moon's moun- 
tainous surface stands out from a photograph of the moon. 

It is the ultimate purpose of this chapter to show that such interpreta- 
tion of spectroscopic data is valid: that, for 

proved by . 

pp. 
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THE ROLE OF LIGHT 

Th^jconnectinglmk between any celestial body and the, j^zmomjer's 

in the case of the moon and planets, or radiated 
From it as in the case of the sun. In the latter case we know, incidentally, 
that the source of the light must be hot, since a body has to reach a 
tolerably high temperature before it incandesces; we know this of the 
stars also, although their great distances render their heat imperceptible 
without the intervention of delicate instruments. 

It must be our first concern to discover what we can about this 
radiation, by whose agency all our knowledge of the heavenly bodies 
has been derived to learn why some bodies radiate light while others 
do not, what form the radiation takes, the manner in which different 
forms of radiation are related to one another, and, most important of 
all, what changes are actually occurring within a substance while it is 
rgdjatinjg-gjn other words, rJic_ physical operations underlying, the 
process. ^T** s 

In order to tackle this last point, the crux of a vast amount of the 
physical research of the past few decades, we have to readjust our 
mental focus from the gigantic cosmic distances of the last chapter to 
those most minute, ultimate particles of which the material universe is 
constructed. Whereas we have up to now been dealing with distances 
measurable in thousands or millions of light years, we have to turn to 
the realm of the ultramkroscopic, in which one hundred thousandth 
of a centimeter is a handy unit of measurement. 

THE ACTION OF THE PRISM 

A few simple experiments will serve to make clear some of the funda- 
mental characteristics of the behavior of light. The scene of the first of 
these is a darkened room; a small crack in the shutters admits a 
narrow beam of sunlight. If this beam is intercepted by a white screen 
it will be observed that there is a thin line of colorless light upon the 
screen's surface. Now interpose a glass prism between the screen and 
the shutter (Fig. 36), in such a position that the beam falls obliquely 
upon one of its faces. The appearance of the line of light upon the 
screen is immediately changed. The narrow streak of white light is 
drawn out laterally to form an elongated band of color ^ It is oLths 
same .height as thejQrigii^ from .one end 

to the otferof this band there is a steady gradation of color 
through orange, yellow, green, and blue \tQ Yinlrt^ 
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Since the prism is only acting upon the light that is already there 
upon the beam of white light and is not adding colors of its own, it 
follows that the lights of different color now separated upon the screen 
were originally constituents of the white beam. The prism's action on 
this beam is merely to disentangle the various components whicjij^hen 
blended, constitute white light. The jJleTJ^ic^ 
it is 



It will be seen from Fig. 36 that the prism bends or refracts the 
incident polychromatic beam, and, furthermore, that it refracts the 
violet constituents through a larger angle than the red. It is this 
property of refracting lights of different colors in varying degrees that 
enables the prism to form the colored band known as the spectrum. 




Figure 36. 



CORPUSCULAR AND WAVE THEORIES OF LIGHT 

The experiment with the prism and narrow slit was performed by 
Newton in 1665 and he then beganajruly scientific study of reflection, 
refraction, and dispersion of lightOSa^UJwai-ahle to ,q|)lainjdljof 



the phenomena that he observed^on the basis of a hypothesis 

minute particles % of jogattgf, . known as corpuscks 1 jj^jch 



travel through space with a finite velocity and produce the sensatiaa -of 

JXUm.piAh, eye.,, This corpuscular 



hypothesis was by no means original with Newton, for it had been 
discussed, in various forms, by many of the ancient natural philosophers. 
However Newton was the first to subject the hypothesis to truly scien- 
tific experimentation and analysis. The weight of Newton's opinion 
was so great that the corpuscular hypothesis was accepted"" for many 
years following the amipjjnt^fne^^ results. Before the end of the 
seventeenth 1 1 ntnry n[jiltiiin MmfTftf a Duuh phyiiriif, nrhnnrdL 

*gv ij transported aei'ofla 'cmipty. 
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space' in the forms of transverse waves (i.e. waves whose direction^ 
yjbxajtioa^^ (Erection .of velocity Q the, light). In 

1801 Thomas Young, an English physicist, experimented with various 
phenomena involving the so-called interference of light and showed 
that these effects could be explained only on the basis of a wave theory 
of light. The defenders of the corpuscular hypothesis refused to accept 
Young's explanation of interference and it was not until about fourteen 
years later that incl was able to prove by additional experiment? 
lhat, if the corpuscles did exist, they must be vibrating back and ford] 
perpendicular to the direction of propagation of the light in such^ 
manner that they made up waves. About the middle of the nineteenth 
century Ckrk-Maxwcll attacked the Pffblem from the point of vicv 
of theory and advanced the so-called (el _ 
which postulates that JlgftMi is^ IBflfll C .Jill, of waYCS.. tEa-Vfllitlg ...tnrough 

jpflrf---iiji fl rn.fi d ill rn ..fcfi'9.!i,., ?..*... tb^ iiuxdjoj^ro^ Maxwell'? 

hypothesis received strong support from the later experiments of Hettz, 
a German physicist, who was able to produce Jay. ^lrctricJdedaedf 
waves, which had many of the properties of light but 



did not produce the sensation of light on the human eye. These p- 
called^jy^^ since become known ja^j^^Jo^wa^s 

During the first quarter of the twentieth century one series of experi- 
ments cast serious doubts about the existence of the luminiferous ether 
which is necessary to carry the electromagnetic waves of Maxwell and 
Hertz. Another series of experiments on the so-called photoelectric 
effect could not be explained on the basis of any simple wave theory, 
but required that the energy of light must be moving through space 
in finite particles, or corpuscles. The problem in regard to the validity 
of either the corpuscular or the wave theory of light is not completely 
settled at the present r * mp Hif-W^ll <^y with some confidenrp i-hat.tb^ 
ultimate SoludoaH 1 r ?Wffi bo ffl * m ^ f ^n ?Hf1 afro finite particles 
ot mattguot^^Cfgy.-^In the discussion that follows we shall employ the 
Eneral terminology and symbolism of the wave theory, but we do this 
merely as a matter of convenience. 

WAVE-LENGTH AND FREQUENCY 

Suppose that at the center of a pond there is a source of disturbance 
which breaks the surface of the water at regular intervals : it might be 
a succession of pebbles dropped into the water at one-second intervals. 
Let us assume that each time a pebble hits the surface a single wave 
travels out from the source toward the banks. A cork floating on the 
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pond somewhere between the bank and the center of the wave system 
will bob up once a second. Now, the point where thegg^bj^stnkc. the 
he r^n^LM^d^mitina^Ufi tn 



for example, or the filament of a lamp in which energy sets the light 
wayesJn matien. These travel out through three-dimensional space just 
as the waves of the pond spread out across its two-dimensional surface, 
Finally, \\^jTia^^ th^oork ..... to^mj 

- analogous with the 



that_produgg$ tha-sensatiau^af light ia diguzctiaajaf ihe eye. 

-If the fall of the pebbles is manipulated in such a way that the surface 

of the pond ]& disturbed at regular intervals, it will be found that the 



alLdkcatiaris. This distaJKOL&nown as thejyavc-lcngth of the partini. 
it will dqD4R^poa~4l^m^ 

with which ,~ the. J 



over the surface. If, instead of at one-second intervals, the pebbles an 
dropped at intervals of half a second, it will be noticed (i) tliat_th( 
wave-length, has. LceaJiatv.ed and (ii) that the j:prk i will np.w. make, two 
oscillations -per second. Twice the number of waves now occupy a given 
distance and therefore twice as many pass a given point in a given length 
of time provided the speed of the waves has remained constant. Jb 
other word/ the .^rcat^r ib^^yc'lcngth the smaller JLh^JLCQ.Ufl^Z&nc 
vice vefssu This ^relationship may be expressed in analytic form by 



n 




yiblilio&X^ 



t and is J a |ie sjjeed of the wave, ^ In the case of light waves we 
have seen that c=3Xio 10 cm. per sec., and it may be proved by a 
variety of experimental methods that this is the same for all electro- 
magnetic waves traveling through 'empty space.' 



THE ELECTROMAGNETIC SPECTRUM 



By a variety of instrumental methods the wave-lengths of different 
radiations may be measured with great accuracy. It is found that the 
only difference between red light and violet light is one of wave- 
length (and with it, of course, frerpienrv^lfcH light is found to have 
SLte n jf- --W3 v^UQgth. thaP-^^l tto but they are both examples of electro^ 
magnetic radiation. The wave-lengths are very short in comparison 
with the distances used in describing the structure of the universe. 
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being about 8Xio~~ 5 cm. for red and 4X10"* cm. for violet. These 
correspond to frequencies of about 3.75 Xio 14 vibrations per second 
for the red and 7.5 Xio 14 for the violet. 

These values represent the extreme limits within which electro- 
magnetic radiation can be detected by the human eye. But there are 
electromagnetic radiations whose wave-lengths lie beyond these limits 
of visible radiation and which are detectable by instruments other than 
the eve. If the wave-length is sUght'y ^Mv4^ thc 

radiation is invisible to_ the eye but, leaves... its, imprint on , the plioto; 
grapRic .plate ^ such radiation is known ^^jlV^f^ ls slightjy 

rrr r radiant 



_ 

heat, and can be detected as heat by the human skin or measured 
quantitatively by various types of radiometers. If the wave-length is still 
longer it is capable of detection by electronic circuits and this radiation, 
with wave-lengths from about i cm. to about 2.5X10 cm.., is utilized in 
radio transmission. At the other end of the scale that radiation with 
wave-lengths shorter than the ultra-violet is known as X-rays, gamma 
rays, cosmic rays, and other types. 

This vast range of radiation, known as the complete electromagnetic 
spectrum, is of the same general nature throughout, although the human 
organism uses different senses to perceive different sections of it or even 
has to fall back upon special and complicated instruments for its detec- 
tion. These different sections are differentiated from one another solely 
by difference in wave-length and by the effects which they produce. 

Returning now to the action of the prism upon the visible white light 
that section of the electromagnetic spectrum with wave-lengths be- 
tween 4Xio~ 5 cm. and 8X*o~~ 5 cm. we are now in a position to say 
that this action consists in refracting the various radiations through 
angles that depend upon their wave-lengths. Thus to any point in the 
visible spectrum, or the invisible for that matter, a definite wave-length 
can be assigned. For convenience in discussing wave-lengths, partic- 
ularly in the visible region or nVthe near .uitrgrviolet or incg-red, a 
known as the Angstrom unit Is e'mpl 





The 4yjyJSUSfflU u ^^ * s ec l ua l m length t 

on thi/ system of units the visible spectrum is rrom about 4000 
stroms\a&)oo Angstroms 

DISCOVERY OF THE FRAUNHOFER LINES 

In 1801 Wollaston repeated Newton's experiment with sunlight passing 
through a prism, but he used a much narrower slit than that used by 
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Newton. Wollaston noticed that the band of color was not absolutely 
continuous, but that it was crossed by some dark lines. He failed com- 
pletely to recognize the importance of his observation and merely 
assumed that the five strongest lines marked the boundaries of the 
simple colors. 

About fifteen years later JFraunhof ex developed an instrument for 
observing the solar spectrum that employed lenses as well as the slit 
and the prism. He found the d^ map 

of the solar sppctmrq shmriing t k ^ p^Hnnc ^ yvffral hundiidiflf tK- 

ifne^ He lettered the more prominent lines, and his original designa- 
tions are still used. Subsequently many more lines were found by other 
observers but they are all referred to as Fraunhofer lines in recognition 
of the pioneer observer. In 1883 Rowland began an accurate and sys- 
tematic study of the solar spectrum, using photographic methods, and 
he listed, with accurate wave-lengths, about 20,000 Fraunhofer lines in 
the region from 2975 to 7330 Angstroms. The improvement of photo- 
graphic emulsions for work in the infra-red has permitted photographs 
of the solar spectrum to be obtained out to 13,500 Angstroms and about 
5000 lines have been added to Rowland's list. 



We may next turn to the brilliant work of Kirchhoflf, which was 
brought to its culmination in 1859. At that time there was no acceptable 
theory regarding the method of radiation of spectra, but this in no way 
detracted fro^n the practical value of his results: fortunately one does 
not have to l^now the technical details of the locksmith's art in order 
to be able to \use a key for unlocking a door. Nevertheless, the sig- 
nificance of liirchhofPs observations has only been appreciated in 
comparatively recent years. 

The apparatus^ used in these experiments is almost the same as that 
required for Nekton's demonstration of the polychromatic nature of 
white light. On a \bench in a completely darkened room is placed a 
prism; to the right \>f it stands the screen on which the spectrum is to 
be cast (actually, a staall telescope for direct viewing of the spectrum) ; 
to the left of the prisrX stands another screen, in which is cut a fine slit. 
The relative positions b$. jtie prism and the two screens are adjusted 
so that the spectrum of alight source placed behind the slit is cast upon 
the right-hand screen. Jf n lump nf Wnn in phrrH .hqfcnd the^jftt and 

liLjiiiLiLi iiiufliii.il 'i f iw; TI ffmijj i iniUi'i lUigtriim- is fomfid ; if consists 

of a band of color, red at one end, violet at the other, with orange, 
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yellow, green, and blue between. Clearly, the source is emitting radia- 
tion of all wave-lengths within the visible range. No matter what solid 
is used as source it may be copper, lime, tin, zinc, or what you will 
the same continuous spectrum is produced. Furthermore, liquids give 
identical continuous spectra, as also do gases when subjected to suf- 
ficiently great pressures; thus mercury vapor has been made to yield 
a continuous spectrum when subjected to a pressure of some 20,000 



pounds per square inch in the aorator^f.^ 

i sfirsH 



^ 

hi sfirs^. which states 
^f^^n^^ .'fYiit.vmCLdtctttoi f ^j^i-- 



irTonTef "words, their ^sj^cjtr^^ an mutua} 

n matter what the chemical constitution of th< 



source may be. 

A volatilized solid is now placed behind the slit. If, for example, the 
spectrum of sodium is to be studied, a colorless Bunsen flame is placed 
behind the screen and a few grains of common salt (which contains 
sodium) are blown into it; alternatively a piece of sodium may be held 
in the flame on the end of a platinum wire. In either case the flame is 
colored a livid yellow, and a spectrum quite unlike that in the last 
experiment is produced. Instead of a continuous polychromatic back- 
ground there is now nothing but a pair of fine, closely *4ilpnliJhBfk* t 
yellow lines on a dark background; nothing else is visible. This clearly 
indicates that no visible radiation of wave-lengths other than these two 
is being emitted; the lines are yellow because they lie in the yellow 
region of the Xip"""^^) mntiminiis g p^rmrPj i.e. they have the wave- 
lengths of yellow light. This can easily be demonstrated by marking 
their positions on the screen, and then, taking care not to alter the 
relative positions of the prism and the two screens, replacing the sodium 
flame by a solid source. It will then be found that the marks indicating 
the original positions of the sodium lines lie in the yellow region. No 
matter how often the experiment is repeated, the two lines are always 
produced and always in exactly the same positions, so 
contains sodium vapor : in otjix^ wo^ 

'" ^five-lengths 



s * Therefore, if we find these lines 



in the spectrum of a star, for example, we know beyond a shadow of 
doubt that the visible portions of that star consist partially of sodium. 
Experiments with numerous other elements prove that the bright-line 
emission spectrum of each is invariable and unique. 
Kirchhoff also demonstrated that incandescent gases likewise yield 
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bright-line spectra when they are not under pressure, and that the 
spectrum of every gaseous element is unique. When the source con- 
sists of a gaseous or volatilized compound whose ultimate particles 
are molecules, or closely knit groups of atoms the bright lines are 
extremely numerous and crowded into groups which appear as bright 
bands. These complex-band spectra are, like the line spectra of elemen- 
tary substances (whose ultimate particles are single atoms), unique for 
each 
KirchhofFs Jecond laWltb^ef ore states that- the 




bands. 

Kirchhoff next tried combining the two foregoing experiments. He 
p1 g Cff* ^ inr?ndcglir ll im p nf <nrnp <n ^ behind i Aft. ,iJar. ancl^ween 
it a "jd-JtbC-r^ * r .. i f<Ip 1 f i n t^rpiMfW a -g^J-ium -fl 9 rnCjq ^^ A result was, to him, 
somewhat startling, for although a composite spectrum was formed, 

the sodiu.ni M ljn.cs wcic. QiiJt m ,biigni..l^u^^arJl ; they stood out against the 

-wqJtinji nng spectrum as two fine black lines. If the 

"~ KHMUIIK> wfc>wM""*** w "*"* ll <l' <*"<" -' ^uatm 



source of the continuous radiation is removed or screened, the dark 
lines are immediately replaced by bright ones in precisely the same 
pQsitions; tfre dark lines A iq aUJaCQ.tnr a height Jaith ib^~rm@val of the 
continuous, backgrouad. Since the two vertical strips of the continuous 
spectrum that underlie the dark lines would be bright were the sodium 
vapor not interposed between the prism and the incandescent solid, it 
follows that this vapor is absorbing from the polychromatic radiation 
passing through it just those two wave-lengths which it itself emits. 
The significant point in this experiment is that jJKJSodilini vapor is. at 
a lower 4epeumG,,^^ 

^j^^k.J^^^^ fhar, it 

l When it is hotter than the incandescent 
solid the sodium lines appear bright once more, and are superimposed 
upon a less bright continuous background. The same phenomenon is 
observed if the volatilized solid|is replaced by a gas. The third law may 
therefore be stated as follows !fa fas will absorb! from mixe$ radiation 
tj/i e ri*ifr Aiie^a^xA^Af-^gA^7r > /A/ ith of/ uHive-len &ths tndt it itself is capable of 
crnitiLxLUmM'&yided that the source of th^ T&diation is at a hi&her tTtt>~ 
Per* 
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BLACK-BODY RADIATION LAWS 

Following the announcement of KirchhofPs empirical laws a tremendous 
amount of research, both theoretical and observational, was undertaken 
in the field of radiation analysis. It had been noticed for many centur^ 
thatthexolor.of a bar, of iron changes as it is heated to higher and higher 
temperatures. When first heated the bar appears black, as the tempera- 
ture is raised the bar appears to glow with a dull red color, as the 
temperature is increased the bar becomes bright cherry color, next 
orange, and finally, just before melting, the bar appears to be white hot. 




Wave length in Angstroms 
Figure 37. 

A blacksmith can make, a good estimate of the temperature of his work 
by merely noticing its color. Careful study of the radiation from a bar 
of metal at different temperatures showed that the rate of radiation in 
all wave-lengths increased as the bar was heated, but that the relative 
intensities of the various wave-lengths varied with the temperature. 
Figure 37 shows several curves in which the relative intensity of radiation 
is plotted against wave-length for several different temperatures. , Jk 
..will be noticed that the wave-length of mpjmum iutgmtju^^iatioa. 
toward the yiokt with ach incrt^^ 
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I1 Qi!SS^^ 

^ I Lt^ii i rftgT^S^his may be expressed analytically by what is 
now known as f 




in which A is a constant whose nu|^jdcal^^^ 

in which X and T are expressed. Most modern scientists express tempera- 
tures on what is known as the Kelvin scale. The degree divisions on this 
scale are the same as those of the centigrade system, but o on the Kelvin 
scale is 273 centigrade. On this modern scientific scale water would 
freeze at 273K and boil at 373K. 

A further study of the relation between rate of radiation of energy 
and temperature indicated that the total energy radiated, i.e. the sum of 
the rates of radiation for each particular wave-length, is proportional to 
the fourth power of the temperature on the Kelvin scale. This was 
found by Stefan while working by purely empirical methods, and inde 
by Boltzmann, who had attacked the problem from tlx 
theoretical jfcrint f^view. The Stcfan-BoltzmajoaJa^ is given by 
E=BT*' in wmdn B is'^i constant whose value depends upon the units 
in which E is/sxpcess^d. 

x^YienjJaw and the Stefan-Boltzmann law give us much important 
information, but they do not tell the whole story. While they do give us 
the wave-length of maximum intensity of radiation in the continuous 
spectrum and also the total rate of radiation of energy of all wave- 
lengths as functions of the temperature of the source, nevertheless they 
do not give us the rate of radiation at each individual wave-length. 
At the very beginning of the twentieth century Max Planck, a German 
theoretical physicist, attacked this problem from the purely theoretical 
point of view, using ^s his source what is now known as the black 
body. T]-| j g y nfjfj^i^y j, .a/yurelv theoretical object [that- is both fl 

i.e. it willjabfiPrb all f-Q^- 



UPQB. jfc-^jad-jadll jcfcegut jdLsuM 5 .^^ - The closes 

approximation to this theoretical object that can be used in the labors 
tory for experimental purposes is JL frP^aJ.1 iiok in 4 .fdAtiwly. l^ge Jb 
wkiafl^a^^Mj^a^g ajf tborcaiglily l^ c kcniLhr >| '^ .mit^dt and -ny 

Prior to the twentieth century all scientists had assumed that radiation 
was due to the vibrations of atoms and that these vibrations could be of 
any frequency. The emission of radiant energy from such a system was 
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assumed to be a steady process analogous to a stream of water at constant 
pressure coming out of a pipe. T^anrjA assumed th^|fthe emissionof 
the vifciat i n y a tom.s m i isfcSeJ iL^SS^jS^wh^^L_ fig 



This assumption was so radical that few scientists 
of his time would even consider it, but it was destined to become one of 
the most important principles of modern physical science. The assump- 
tion is equivalent to saying that a set of brass tuning forks can be con- 
structed only with certain definite frequencies, say 5, 10, 15, 20, et 
cetera vibrations per second, and that all intermediate frequencies, say 
7 or 1 8, are impossible. Classical mechanics did not put any such re- 
striction on the frequencies of vibrations of tuning forks and it seemed 
highly improbable that there should be any such restrictions on the 
vibrations of atoms. Furthermore Planck assumed that the quanta of 
energy radiated by the atoms must be directly proportional to the 
frequency of the radiation or, of course, inversely proportional to the 
wave-length. In other words,jJ,jyEJ4Efija^ 







This implies that radiant energy is not emitted like water 



out of a hose, but in a manner more analogous to a stream of machine-gun 
bullets. However, it must not be imagined that these quanta are the 
so-called corpuscles used by Newton in his theory of light, since unlike 
the corpuscles they are further assumed to have a vibratory nature. It 
should also be noted that the energy of a quantum of violet light is 
greater than that of red light. 

On the b^sis of the quantum theory/of radiatioi^Planck wafe able to 
derive ajgmergyg^^ gi y pg the rate of radiation Jot energy 

at any particular yfave-length fromA blacky&ody in/ terms OT the 
perature/of the source. TJlis law rjiay be e}presse<y analytically as 



iftg upi^Jmuinil^Qj^Hmd \- 
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This equation will yield the curves shown in Figure 37, Wien's law 
and the Stefan-Boltzmann law may be shown mathematically to be 
special solutions of Planck's general equation. Planck's law has been 
tested in the laboratory for temperatures between 300 K and i7ooK 
and there is no evidence of failure at much higher temperatures. The 
question of the practical value of Planck's law may very well be raised, 
since it was derived for a black body and no such object exists in nature. 
At this point it is sufficient to say that there are many objects that, in 
spite of the fact that they are not black bodies but gray, satisfy Planck's 
equation to within a few per cent. 



During the period that so much work was being done on Kirchhoffs 
first law of spectral analysis, the second and third laws were by no 
means neglected. Immediately following the announcement that the 
wave-lengths of the spectral lines, either of emission or of absorption, 
were characteristic of the chemical elements or compounds involved in 
the production of the lines, careful investigations of the spectra of vari- 
ous elements and compounds were begun. Identification tables of the 
various lines characteristic of the elements and compounds were com- 
piled and these tables were used for qualitative analysis of both labora- 
tory and celestial sources. 

A study of the spectrum of the element hydrogen, a photograph of 
which appears in Plate VHIb, indicated that the wave-length difference 
between successive lines becomes smaller and smaller as the violet end of 
the spectrum is approached. In other words the lines are apparently 
arranged in some form of converging series. The point of convergence 
was found to be at about 3647 Angstrom units. In 1885 Calmer, a 
Swiss scientist, made the first determination of an empirical formula for 
the prediction of the wave-lengths of the spectral lines due to hydrogen. 
He found that the wave-length of each line could be computed by the 
formula 



in which n is any integer greater than 2. For example if #=3 in this 
Balmer formula, we obtain X= 6565, which is the wave-length in Ang- 
stroms of the red line of hydrogen known as H a \ when #=4 we find 
X= 4863 A, which is H ft , and so on for all of the lines in what is now called 
the Balmer series of hydrogen. 
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Following the announcement of Balmer's formula for hydrogen a num- 
ber of studies were made of the wave-lengths observed for other ele- 
ments, and other series relations were discovered and their formulae 
determined. For the heavier chemical elements several formulae are 
necessary for the representation of all of the observed lines. 

IS TT MHB JUlEJ 



From the earliest days of natural philosophy, that branch of learning 
which has been divided, since the early nineteenth century, into the 
various fields of science, there has been the fundamental hypothesis that 
all matter is composed of fundamental particles which cannot be sub- 
divided. These particles were known originally as atoms, but as science 
advanced this term was reserved for the fundamental particles that 
make up the different chemical elements. .Atoms^ JLT^ J^caaL as ? unarrl .. to 
jiir.ro. the iiuilv^di] 1 ^ -pa.rtici&s -of -th 'VT^ 1 ^^^....^^^-^!^.!]..].. -QnXr 



pounds an^these^a By suitable methods 

the molecules may be broken down to the individual atoms composing 
them. The atoms and molecules were assumed to be too small to be 
observed by any known instrumental methods, but various experiments 
indicated that they did exist, that they were of different masses and 
sizes, and that they were in rapid and random motion,jLJ&as^^ 

paTtit^4i^eased wltbum^^^ 



may be aid to 






The year s 

^hyjjjcs or, n/rhaps, the /atomic age; In that year Masson, a French 
scientist, connected a tyr'gri-voltage jiiduction coil t (/electrodes Inserted 
in a tubo^contai nine/gas at low/ pressure. Instead of the ^>ark that 
would pass between/he electrod/s in air at normal pressure, Me observed 
that tire tube was /lied with /^ilQi^i^fe^ vacuunypumps Xvere 
improved, Masso^vs experinrent was repeated with ga^at lower and 
pressures/This is no/ the place evenr to outline iA any d/tail the 
subject /f conduction of electricit/ through gases and/' we must 
/mtent ourselves by staging that two tyj^es of particljis are separated out 
! rom the gaseous ma^rial in the tuby. 

One type of pa/ti</e carries negative charge and Js found to be the 
same no matter/what type of/gas is used in the low^ressure tiibe. Xhis 
d particleXs^nowjn^afe jthgjelectrOTi and its Character 
Tstics have bfcn determin^f from the/brilliant experimental/researches 
of Sir J. J/Thomson, Rj/A. Millikar/ and a number of oth/r scientists. 
At the p&sent time th/ accented vadues for tha mass and /haree of the 
electron are: 
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te electrostatic units. 

ely chared. The amount of this 
magnitude to the/charge on the 
integra multiple of thisyvalue. The mass, 
gaseous/material/m the/tube. The 
:harged/particle jk foun$f when/pure 
nd this /article, Burned/to be tfefe unit 
mass of /he pr</on is j6und to 



positive 

of the proton 



the 



hydro 
iss appr 
Atomic 




THE RUTHERFORD NUCLEAR ATOM 

The results of the researches on the .particles produced by the passage 
of eletadty.lhrDU^ the|atqm could^be broken m, 

and mucji 

-JC^^ ^h? 8 ^ H ias ? es are P ro .P rt ^ ona ^l :o 

JHowever, until the begin- 



iiing of the twentieth century there was no satisfactory theory or model 
to explain how these particles were distributed in the atom, or t><* 
mechanism by which they are separated by external energy. 

In 1895 Roentgen found that if a 'solid inside /a vacuurp tube was 
bombarded by a/ stream of high-vejocity el/ctrorp, some Jorm of very 
penetrating ray/ appeared/iutside phe glassl)f thrf tube. Tlfese ra&s were 
called x-rays jfod were thought j6 be a sweam/of uncharged tfarticles. 

that xfrays/are a fcirm of I electro- 
magnetic radiation of wave-Length rnjjich snorter thjan thej shortest 
known ultra-violet light. Th/ important feature of mis radfation for 
our imnfediate proMem is mat when $-raysfare pass* jhjpjlglj JLS* 
any ntlier_gas, at/n^^^p^^-^ prwffrr" ^rir^p^j^g_yej^feed. This 



means that high-driergy el^tromagnAic raJiation, aJwell asielectricity, 
can break up th/atom. I/ was later loundl that visile lightjor energy 
in any form, (An drive Electrons ojut of atoms. 

In 1896 Bec/uerel discovered by/accidlnt that rldiationj capable of 
fogging a ph/tographicf plate encased i| black piper wrapping, was 
given off frojrn a salt pt uranium. Thil was furlier invAtigated by 
Madame Curie, who round that the atlms of a I reviouslr unknown 
element, radium, were brea 1 ^ lin wit*nnt t-Vie aLnlicatioi of outside 
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^ as tliey are called at 

/ / 

In 1903 Rf Lenard, a rferman phys/cist, after a long/ series of experi- 
ments wittf positively charged partioes, conclud/d tiiat the mass of a 
solid body is not distributed througM an object uniformly but is concen- 
trated in/small particl/s. During ttye next few years Sir Ernest Ruther- 
ford and a number i6f co-workers carried on , an epoch-making series 
of experiments on the scattering of ot partkka,in-^siirg"tr^^ 



i materials. AsGTifesult of these experiments 



the 



(i) 






^c^^^ 

liil-ifes 

a 



amount of this positive charge,, usii 

nii^ (&}jtfattfi^ 

ofjdjg^toi^ 

ford assumed further that electrons are arranged in some manner about 
this nucleus with the number of electrons equal to the number of unit 
proton positive charges on the nucleus. Hence the negative charges on 
th-lectrons just neutralize the positive charges on the nucleus. 

THE BOHR ATOM 

In 1913 r>r T JSFjels. Rokr T a young Danish physicist, proposed certain 
specifications for the Rutherford nuclear atom. These were so radical 
that at first physicists in general would not accept them but they ac- 
tually mark the beginning of a new era in the history of physical science. 
Chemists had been able to make considerable progress in the theory 
of chemical reactions by using various models for the nuclear atom, 
and several physicists had proposed that the electrons might be revolving 
about the nucleus in circular orbits. However, neither the geometric 
models proposed by the chemists nor the planetary models proposed 
by the physicists could adequately explain the origin of the line spectra, 
either of emission or absorption, which were believed to be due to 
changes within the atom itself. 
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Bohr considered. first the simple case. (?f th p VdmgfT atnm 
nfTtf TjrT in t n p mi r len&* a n d nne electron. .ou^iiic^Jn common with sev- 
sstHarect that thij electron could revolve about 



eral other physicists 
the midcm in a mi 



^ 



charges aid 



of the 



For the atom to be in a stable 

condition there is one and only one value for v , the speed of the electron 
in its circular path, for each value of r, the radius of the circular orbit. 
Bohr introduced the condition that there are only certain particular 
orbits possible for the electron, and that the radii of these orbits are 
subject to certain quantum conditions. In other words, Bohr introduced 
to atomic structure the quantum theory used by Planck in his theory 
of continuous spectra. After making the assumption of quantum con- 
ditions ftobr proceeded by perfectly standard methods and found that 
% ra^jps of ^v r|articul ar fl^rtrnn nrhif in the hvHrniTf.n atom i\. 



In this expression 









__ 

e Jsjhe^Jiaj^ and j^LJS^QS.MKS^'-- The numerical 

values for h, m, and e are all known from experimental determination 
and when we set # i we find r to be approximately 5Xio~ 9 cm. as the 
radius for the innermost orbit that the electron may occupy in the 
hydrogen atom. The next orbit will have a radius four times that of 
the first, the third will have a radius nine times that of the first, and so 
on. In the Bohr model the electron may occupy any one of these orbits 
and may move from one to any other, with a corresponding change in 
the internal energy of the system. ^Jlrt f]in^ nninnfrn] ' 




' 



Under normal conditions the electron is assumed to 

;r>r^rrer^r>rKl^^ jjjff f fffjj^ ll^L^'^ 



put into the atom and, under ^luch . conjitio is said^to^bc 

4 i , ipM (mmyiHHHtmim^i mm mjmtmw*********** ^ < ^ . j ^^ 




the atom in an excited 
state it will tend to return to the normal condition. The electron may 
return to the innermost orbit in one jump, or it may go back by a 
number of successive jumps from orbit to orbit, always moving closer 
to the limiting position in the innermost orbitJJL nn inniaid 
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hoji5L*As the electron returns toward the inner- 



most orbit, energy is given out by the atom. Since the electron must 
move by specified jumps from orbit to orbit and never occupy the 
spaces between orbits there must be certain definite energy levels in 
the atom. The existence of these energy levels in atoms other than 
hydrogen had been demonstrated experimentally before the announce- 
ment of the Bohr atomic model, but there had been no logical explana- 

tion for them. ^^irr^T*" *N 

T^ r\K r ' s fi n P 1 nnct'.uLlaJi^ concerning thetfivdfoErcn atocn isAionc.exDjdMWitjg 
bso or emission oJ radiant eneroLJ^LjJiCJiIiini. If E r^re r - 



in The.. atonL 



eneroL 
^ 



in one orbit, an 



^^^ 



Hrrtrnmafynpfir , . 



Expressed analytically we have 



to ..the. 




in which c is the speed of light and X the wave-length of the radiation, 
bolh^xpressed in centimeters. 

''^Mathematical analysis enabled Bohr to show that the value of the 
energy E in anf energy level is inversely propc/rtional to n 2 , the square 
of the quantum number for th^ particular/ electron orbit involved. 
Hence the ywave-length of the /adiation absorbed or emitted by the 
hydrogen a/tom can be computed from 

(ii) / 

The va^ue of the constan/ K can be /omputed ]by the use X)f the same 
physic/1 quantities previously mendoned and/is found t6 be 109,678. 
If w/ now take the reciprocal of /ii) we oj/tain j 




(iii) 



I 



As an example let j 
ing from outer orbits 
radiation, or from the 
of energy. Then! we 



s O\ i f f2 r 

109,678^2 n 

assume tfifat n'=2/i.e. that th/ electrons are mov- 
towari the second orbit /or the emission of 
second/to oute/ orbits f or Jtne case of absorption 
have fram (iii) 
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cm. 



/ n ,,2 \ 

3647(^772 ) Angstrom units. 



or 

' 4 



Reference to page 151 will show that this is the empirical formula 
derived by Balmer for the previously observed lines of hydrogen. Thus 
Bohr's introduction of the quantum-theory conditions to the nuclear 
atom seemed to accomplish for the emission and absorption spectra of 
hydrogen something Approximating what Newton's enunciation of 
the law of universal g^aviation did for the structure of the solar system 
it placed an empirically determined law on a theoretical foundation. 
The final step toward the establishment of a physical hypothesis is 
to predict phenomena that have npt previously been observed. With 
this in mind Bohr /computed the w^ve-lengths of the lines to be expected 
when n f takes oryValues other thaft 2, the value that gave the previously 
known Balmer Series of lines. \^hen the electrons in an excited atom 
return to the in/nermost orbit, or^ in other words, when the energy levels 
settle down to/normal condition, n' has the value i. Substituting this in 
(iii) yields / 



1-75 






or a serie^ of lines converging on ^=911.75 A. Substituting in this ex- 
pression/the values 2,3, et^c. for n" we find that the wave-lengths of the 
individual lines should |>e at about ,1216 A., 1026 A., et cetera. Air is 
opaqu^' to radiation in vnis extreme ultra-violet region but Lyjnan, after 
enclosing all of his apparatus in a vacuum chamber, was able to observe 
and verify the wave-lengths of the predicted lines in the extreme 'ultra- 
violet, now known ak the Lymaji series of hydrogen. When n' is given 
the values 3 and 4 the predicted lines are found to be in the extreme 
infra-red region. The lines were found at the predicted wave-lengths 
and make up what are now known as the Paschen and the Brakett 
series of hydrogen. 

of the nuclear atom seemed well established for 
hydrogen and the next step was to determine the orbits, or energy 
levels, for the atoms of the other elements. JQieJ^diiink-ato^^^ 
basis of the_nucjbar -model, has two protons in.- the. nucleus and two 
qle'ctroniTmitside* - Each of the electrons will have its particular set of 
orbits, but the computation of the constant -in (iii) is complicated by the 
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fact that there will be electrostatic forces between the two electrons as 
well as the increased attractions of the nuclear particles on the electrons. 
The first case attempted was to consider that the helium was in a strong 
enough energy field that the atom was singly ionized, i.e. one of the 
electrons is forced out of the atom. We now have an approximation 
to the hydrogen atom with one electron, but with two or more particles 
in the nucleus. However, the computation of the constant for (iii) is 
not difficult for the singly ionized helium atom and, as might be ex- 
pected, the series of lines predicted were arranged in a group of series 
not unlike in appearance the various series for hydrogen. Some time 
before these computations were made Pickering, an American astro- 
nomer, had observed a series of lines in the spectrum of the star Zeta 
Puppis which were arranged in a manner similar to those in the Balmer 
series for hydrogen. However, the wave-lenghts of these lines did not 
agree with those of the Balmer series but did agree with those which 
were subsequently computed for the spectrum of singly ionized helium. 
This was a great triumph for the Bohr atomic model and spurred 
workers on to determine the necessary constants for the heavier atoms. 
When the attempt was made to extend the simple Bohr model of-th&- 
nuclear atom to include the atoms of the heavier elements almost in- 
surmountable complications were encountered. Furthermore continued 
improvements in spectroscopic techniques permitted determinations of 
wave-lengths to a very high order of precision, and slight variations 
from the wave-lengths predicted by the Bohr model were found. Within 
recent years the early quantum theory and certain details of Bohr's 
atomic model have come under considerable suspicion and to an extent 
have been superseded. Regarding the latter, it remains firmly established 
that atoms can and do exist in various energy levels, or stationary states, 
and that they pass from one to another of these in the processes of 
emitting and absorbing radiation. It is doubtful, however, if Bohr's 
actual model of the atom with electrons revolving about the nucleus 
in circular or elliptical orbits corresponds to any objective reality. The 
original quantum theory has come under graver suspicion, and although 
it was undoubtedly a very great advance on any previous conception, it 
has been tentatively replaced by the matrix mechanics of Heisenberg 
and the wave mechanics of Schroedinger. These are only susceptible 
of discussion in mathematical terms of an advanced order, and in an 
account of this nature the work of Bohr and Planck may be accepted 
as a reasonably satisfactory account of the theoretical background. 
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THE NUCLEUS OF THE ATOM 

In the discussion of the Bohr atom we were interested primarily in the 
electrons outside of the nucleus, which are believed to give rise to the 
energy levels so important in the theory of spectra. We were interested 
in the nucleus only in so far as it provided the necessary positive charges 
to attract the electrons and hold them in their various stationary orbits 
or states. The number of these electrons and hence the number of posi- 
tive charges on the nucleus is believed to be the characteristic factor of 
the individual elements and is known as the atomic number Z of the 
element. 

If t^^lemeni^ai^^aFFanged m order oLincreasing atomic number 
it will he-noticed- that the orde-r of arrangement is that -of increasing 
atomic weight. It will also be not^cdjis^wc pass down through the list 
hat the rate of jncrease of .atomic weight is not any direct function 
of tKe atomic number. The atomic numbers and approximate atomic 
weights for a few elements are given in the following table: 

Element Atomic number Z Atomic weight, 

Hydrogen i i 

Helium 2 4 

Lithium 3 7 

Carbon 6 12 

Silver 47 108 

Gold 79 197 

Mercury 80 201 

It is assumed that the nucleus of the hydrogen atom consists of one 
proton which carries unit charge and is assumed to be of unit weight. 
Since the value of Z for helium is 2 there should be 2 protons in the 
nucleus to provide the necessary positive charges to neutralize the two 
electron charges, and if the protons contained all of the mass the atomic 
weight should be 2. The atomic weight of helium is actually 4 and it is 
assumed that there must be something other than 2 protons in the 
nucleus to provide for the observed atomic weight. It was assumed that 
in addition to protons atomic nucleii contain particles that have no 
electric charge but do have mass equal to that of the proton. These 
particles were known as neutrons, and when in 1932 Chadwick, an 
English physicist, was able to isolate these particles the whole field of 
modern nuclear physics was opened. 
It is now believed that the atomic number Z is characteristic of the 
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element itself. The number of neutrons in the nucleus may vary slightly 
for different atoms of the element, thus giving rise to what are known 
as the isotopes of the element. For example, in the case of the element 
iron Z=26, indicating 26 protons in the nucleus and 26 electrons out- 
side. The number of neutrons in an iron atom may be 28, 30, 31, or 32, 
providing for four isotopes of iron of atomic weights 54, 56, 57, and 58 
respectively. Of the various isotopes of any element, one is the most 
common in nature and this one strongly influences the value of the 
atomic weight determined for a relatively large sample of the element. 
In the case of iron the isotope of atomic weight 56 is the most common 
and the average atomic weight of iron is given as 55.84. Furthermore 
:ertain of the isotopes may be unstable in nature, as is the case with the 
iron isotope 58. 

The amount of energy bound up in the nucleus of an atom is very 
great; we shall have occasion to return to this subject in connection 
with the discussion of the source of radiant energy in the sun and in 
the stars (see 



FORBIDDEN LINES / ~""" 

A further class of spectral lines must now engage our attention the 
so-called 'forbidden' /ines. This is somewhat of a misnomer, for under 
exceptional circums/ances forbidden lines do make their appearance in 
astronomical as w^ll as in laboratory spectra. The forbidden lines of 
an elementary may, however, be denned as those lines that do not ap- 
pear in the nomial spectrum but make their appearance when the 
radiating mate/ial exists under peculiar and uncom/non physical, con- 
ditions. Exarrfples of such conditions are, in the/ laboratory , inltense 
electric field/; and in the /stronomical spher/, exceptionally low 
densities sufh as involve widely spaced atoms a^nong which collisions 
will occur /mly at very mupi longer inter vals/han obtain in ^ases at 
even the lowest experimentally produced pressures. 

The conception of stationary states goes fa/ toward an elucidation of 
the forb/dden lines, and /he mechanism of /heir production. ^Figure 38 
shows in diagrammatic /form some of the/stationary states Li sodium. 
These/are shown on t)le left in a singleycolumn of ascending energy- 
value^. To the right they are sorted opt into four separate columns, 
S, P, D, and F. From a study of the podium spectrum it/is possible to 
determine what transitions are responsible for the individual emission 
lines, and each such transition is shown in the diagra/n by an arrow 
linking the two stationary states concerned: for example, three lines 
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in theysp ectrum result Aom transitions between the states 28, 38, 48, 
and 2JP. It will be observed that Ae states jj{ columns , P, D, ajtd F 
havor been chosen so /nat normal transitio 
observed in the fllormal sp0trum 



between /tat< 

r 




Normal State of the Neutral Atom 
Figure 38. (Modified from Darrow) Normal transitions within the sodium atom. 

adjacent columns. That ,this is not Entirely arbitrary, but does iryfactj 
reflect some significant facet of the^tructure oFthe aton/ itself, is^nowft 
by the ordered disposinon of the/levels in e^ch of thpe colum/is. / 
This principle of sefection is, however, violated by Certain lii^fes, wmch 
result Arom transitions betwee/ states inydie samy columnar between 
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olumns. JThese are the forbidden lines, 
/seen toiiepend /ftpon transitions within 

conditions, 

ftam s/cial latorator^/conditj* 
ftditionsy 




lly 
and 
nly a 



TEMPERATURE FROM SPECTRA 

In the first place, it will be remembered that Kirchhoff's third experi- 
ment gave information regarding the relative temperature of the sources 
of a composite spectrum; we can tell by inspection only which of the 
two is the hotter. 

Bright-line and absorption spectra give us detailed and accurate in- 
formation regarding the chemical composition of the source, but con- 
tinuous spectra (those of glowing soli^Hi^uids, or dense gases) give 
us no information of this sort since, whatever the chemical composition 
of the source may be, they are always a continuous band of color. Never- 
theless, continuous spectra can give us valuable information about 
the temperature of the source. As has been pointed out already in 
our discussion of black-body radiation, the relative intensities of the light 
at different wave-lengths are not the same in a continuous spectrum. 
The measurement of the relative intensities is made by the methods 
of spectrophotometry and curves can be obtained that show the observed 
values of intensities plotted against wave-length. The determination 
of the wave-length of maximum intensity from such a curve will give 
a value of the temperature of the source by a direct application of 
Wien's law. A comparison of the shape of the plotted curve with those 
computed theoretically from Planck's general radiation formula (Fig. 
37), plotted for different temperatures, may be made and, when a 
matching curve is found, the temperature of the source is determined. 
If we can determine the total energy radiated at all wave-lengths from 
the source producing the continuous spectrum, either by direct measure- 
ment or by integrating the area under the plotted curve from spectro- 
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phometric data, we can determine the temperature of the source by 
application of the Stefan-Boltzmann law. 

All three o/ these methods of temperature determination fromy4he 
continuous spectrum are based upon the assumption that the soij 
a black bofly. Since the/black body is a purely theoretical object and 
does not/exist in nature, corrections to the determined temperatures 
must b/made to allow for the gray ness of the object. This^grayno^s is 
or less uncertain quantity but an approximation /o it n*ay be 
obtained by comp/ring the shape of the curved determined by/spectro- 
photometric memods with Ae curves confuted fro^n Pluck's 1/w. 
Fr/m the differences in sja'ape the graynpis corrections ipay be^teter- 
iined approximately and then applied/to the det/rmin&tions/>f tem- 
perature ma/le on the assumption of the black ix)dy. /The final value 
of the temperature may be accepted as moderately j^xurafet, as will be 
shown by 'the numerical determination of thfe temperate of the sun 

~~~TrK^i|^^ 
spectroa^picaUy^ . in 
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(wnetHer bright, or dark emij|Lpn or absorption) consists of 
of lilies, yPnosenunioer iroay vary fr^rn only one or two to several 
hunoredy which a^e relatively wideW space^; widely enough, at any 
ra|, toyshow as yrepaifatc^and indivicpal lines. But the spectra of com- 
1^011110% as weAav^' sen, consist of one or more bands which high 
magmficatiori/and j wjoe pris/natic Idispe^ion reveal to consist of in- 
nuryferable IJiies c^ovyaed cicely tc^ethet; Compounds can be identified 
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but also .ofjL j^olaul*fi^ w ^^* tiqtirdror i ai eGed'*gwHay be deter- 
mined by jfifl&yi * analyrisjji the laboratory three ranges of temperature 
in particular are available for study: ttajemjper^^^^ 
as the Bunsen burner (about 2300 K), that of the electric arc (about 
4000 K), and the high-tension electrical discharge (effective tempera- 
ture up to about 20,oooK). Experiments carried out at these tempera- 
tures have proved that the number and relative intensity of the spectral 
lines of each element differ to some extent in the flame, arc, and spark 
spectra. Those lines which can be produced in the labortory only 
by the high-tension discharge are known as enhanced lines. Thus, if 
the spectrum of a star shows the enhanced lines of calcium we can assign 
a minimum temperature to that part of the star containing the calcium. 
In point of fact this technique is capable of giving more detailed results 
than the foregoing account might lead the reader to suppose; for the 
gradual emergence and subsequent strengthening of the enhanced 
lines is a direct function of increasing temperature, and a close correla- 
tion between the two has been established. 

IONIZATION 

With the development and modification of the Bohr" model of the 
nuclear atom the reason for the correlation between the enhanced lines 
and the temperature of the source w^s established. We have seen that 
under conditions of strong excitation one electron is driven out of the 
atom and the atom is said to be singly ionized. The partially stripped 
atom carries a p9sitive charge and/is known as an ion. When the excita- 
tion conditions Are sufficiently ir^tense for an appreciable portion of the 
atoms to be idnized the lines/due to the ionized atoms make their 
appearance in the spectrum along with the lines due to the normal 
atom. As the strength of the /held energy increases, which is frequently 
due to a ri^e in the temperature of the region, more and more of the 
atoms bec9me ionized anjl the normal lilies fade in intensity at the 
expense of the enhanced/ lines. If the strength of the field, energy is 
increased still further another electron mfiy be driven out of Ihe ionized 
atoms and they are saia to be doubly ionized. O/her spect/al lines due 
to the doubly ionized /atoms make th^ir appearance and /che intensity 
of these lines increases with the strer^thening />f the fiel <JL energy. The 
temperatures at whim the atoms of tKe variouyelements Become ionized 
(singly, doubly, triply, et cetera) cjtn be commuted from atomic theory 
and have been verified in the laboratory. Accordingly /if a mass of gas 
contains a number pf different elements the/numbers /nd relative inten- 
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sities,0f the normal and ionized lines of the differentxlements may be 
use/f 'to /obtain a very good value for the tempej*rfure qf the gaseous 

' 



PRESSURE AND DENSITY FROM SPECTRA 

Two other important physical conditions of a source, which may be 
millions of miles distant, can be measured spectroscopically. The first 
of these is pressure, which modifies the spectrum in certain recognizable 
ways. The most important of these modifications has already been 
noted : aj^asjjy^^ like a solid, 

giving a CQadaU!^ while a.tar^fiad gas gives -the character- 

isti(^lwe4^eGmim But line spectra themselves are modified by pres- 
sure, just as they are by temperature. In general, the effect of decreasing 
the pressure of a gas or vaporized solid is the fading and finally, with 
great rarefaction, the disappearance of all but the strongest lines. Con- 
versely, high pressures tend to widen the lines of the normal spectrum, 
with the possibility of adjacent lines merging if sufficiently great pres- 
sures are applied, and sometimes to shift them slightly toward the red. 
Reduction of the quantity of a radiating gas likewise produces the 
gradual disappearance of all but the strongest spectral lines; the very 
fine lines that remain even under great rarefaction of the source are 
called rates ultimes, and a consideration of the number of these ultimate 
lines relative to the other lines of the normal spectrum allows a fairly 
close estimate of the source density to be made. In the same way, the 
pressure-shifts and the widening of the lines can be related to an 
approximate quantitative scale. 

MAGNETIC FIELDS AND SPECTRA 

It has been proved by laboratory experiments that if the source of a 
radiation is placed between the poles of a strong electromagnet a 
curious spectroscopic effect results. In a relatively weak field the spectral 
lines are thickened, and if the field is strong enough they are split into 
pairs and triplets. The extent of this doubling and trebling of single 
lines allows the strength of the field to be calculated with considerable 
accuracy. One application of this effect, known as the Zeeman effect, 
will be described when we deal with that section of our knowledge 
of the sun which has been gained spectroscopically. 

RADIAL MOTION AND SPECTRA 

One further application of the spectroscope must be mentioned before 
we can proceed to a more detailed description of the instrument in its 
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astronomical form. Probably everyone has at one time or another 
noticed the effect that motion has upon the pitch of a sound. An 
observer standing on a station platform will notice that tjacjadbirtlg <a 

^ 



volume as^t^^ 



^ 

..... 4**-pi*=k-'kQ^^ The reason for 



this alteration of pitch is that while the train is approaching the 
observer it is all the time catching up the sqund impulses which it is 
emitting; they ^ftU&y^JaL^^ ^ e y wou ^ 

be were the whistle stationary. Since they are closer together, more of 
them pass a given point in a second, and more therefore impinge upon 
the observer's tympanum in that time. Since the pitch of a note is 

determined by the frequency of its impulses (qjm^.UiiMag . fock .gives 

.AJLajff&loa^ the 



pitch of the whistle will appear to rise. ]5J;hJ^^^ 
source ool^*w^^ 

jUHBUlStf^^ and a loweFnote is * 



This can be demonstrated quite simply: 



4 * o 



Suppose that S is the sounding body, that it is emitting n impulses 
per second, and that in one second they travel the distance from S to O t 
where there is an observer. The space between 5 and will there- 
fore be occupied by n impulses. Now suppose that S is in motion 
toward O, and that in one second it covers the distance Ss. The dis- 
tance sO will now be occupied by n impulses; hence they will be closer 
together (sO being shorter than 50); hence a greater number will 
pass O in a second; hence he will hear a note of a higher pitch than 
that emitted by 5 when stationary. If 5 is moving away from the 
reverse effect will obviously result. 

Sound and light affect different human senses because they are 
phenomena of a fundamentally different character; sound waYS> to 
cite one example, rey&^^ to 

***! whereas Ijght and 9lfeer Jgc^m are pro- 

pagated fjn^fuo/Vltvcrt}icltss 9 ^ e term '^S nt waves ' ma Y be sub- 
stituted for 'sound impulses' in the foregoing account without in- 
validating the argument, and it is found that analogous alterations in 
the wave-length and frequency of a system of electromagnetic radia- 
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tion are caused by movement of the source relative to the observer. 
If S, now a source emitting light, is moving toward O, more waves 
will pass per second than would be the case if 5 were stationary. 
Hence since wave-length and frequency are inversely proportional 
to one another the wave-length of the radiation is shortened. Let 
us suppose, to take an example, that the radiation is monochromatic 
and that its spectrum consists of a single line in the red; the wave- 
length of the line can be accurately determined with the interferometer. 
If the source of the radiation is moving toward the observer, the wave- 
length will be shortened, with the result that the line will be displaced 
toward the violet, or short wave, end of the spectrum; were the source 
receding from the observer the displacement would be toward the red. 
In either case the amount of the displacement would depend directly 
upon the velocity of this motion in the line of sight. ^Q|fi rd si% .^pj |||g 
displaceme^ 




, ,* 

where AA.~diflference between displaced and noonaLwaate-length of 
the line, 

v =line-of-sight velocity of the source, 

<r=:velocity of light, 

Xi^the wave-length of the undisplaced line. 

A A. can be accurately measured, and since the other two terms in the 
equation are known the velocity of the source can quickly be calculated. 
As a numerical example of the application of this so-called Doppler 
principle let us assume that the hydrogen line with A =4863 A. is ob- 
served in the spectrum of a certain star to have a Wave-length of X= 4862 
A. Then, in the analytic expression for the Doppler principle, X= 4863 
and AX=i. Substituting these values in the equation we have 



y 

hence p=22i-_ cm./sec. = 6.i69Xiocm./sec. = 6 
4863 

or about 38.4 mi./sec. Since the observed value of the wave-length is 
shorter than it would be if the source and the observer were relatively at 
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rest, we can say that the line-of-sight, or radial, velocity of the star is 
38.4 mi. /sec. toward the observer. 

SUMMARY OF SPECTROSCOPIC DATA 

We may now tabulate the varied information that tj^f ^pfigjru^a of, say, 
a star gives us about the visible regions of that star: 



i. Its pi^y si ggl-Aajj i rp whether it is liquid, solid, volatilized solid, 
dense gas, rarefied gas, or a combination of these. 

ii. It^-^tteTTrrea^^ and whether compounds as well as 

elements occur. 

iii. The r^Jjajtjj^ ln]^Xilt itf fi^ ^f the component sources of a com- 
pound spectrum, e.g. a continuous spectrum with superimposed 
absorption lines. 

iv. Its actual temperature, ascertained by independent methods. 

"** 1 ^ 



vi. The presence or absenceo 



vii. Its line-of-sight yelocit^/ 



THE SPECTROSCOPE 



The spectroscope, as an astronomical instrument, is essentially the same 
as the apparatus on the work bench in the experiments already out- 
lined. The three components, or their equivalents, are combined in a 
single instrument which can be attached to a telescope. The construc- 
tion of the prismatic spectroscope is shown diagrammatically in Fig. 39. 
The tube a is known as the collimator, whose function it is to prepare 
the light of the observed object for the prism. It screws into the draw- 
tube of the telescope at /, and at g there is a fine slit through which a 
narrow beam of light passes to the lens e. The light emerges from e as 
a parallel beam which falls upon one face of the prism. The emergent, 
refracted beam then encounters the object lens of the view telescope, c, 




Figure 39. 
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the spectrum being viewed direct instead of being cast on a screen as 
before. This lens focuses the spectrum upon the eyepiece d, where it is 
magnified and observed. The view telescope is pivoted at the center of 
the instrument so that it may be directed at different regions of the 
spectrum. 

This is the basic type; two modifications must be mentioned, but 
need not be described in detail. To secure wider dispersion, thus in- 
creasing the length of the spectrum and securing greater separation 
of closely adjacent lines, a train of several prisms may replace the 
single prism shown in the figure. Alternatively, an entirely different 
principle may be utilized, the formation of the spectrum resulting from 
the diffraction instead of from the refraction of the incident light. 
The position of the prism or train of prisms is now occupied by a 
small sheet of glass or metal upon which are engraved many thousands 
of fine lines to the inch. When a mixed radiation is reflected from such 
a surface the different wave-lengths are sorted out, as with a prism. A 
crude example of a diffraction grating can be provided by a phonograph 
record. If the disk is held up slantwise against the light from a window, 
it will be seen that the band of light reflected across it contains some 
of the spectral colors. The dullness of these colors and the poor quality 
of the spectrum are due to the coarseness of the grating, the disk having 
comparatively large and few ridges to the inch. 

It is usually more convenient to photograph spectra than to study 
them visually, for not only is a permanent record made in this way but 
the measuring of the positions of the lines and the comparison of un- 
known lines with spectra obtained in the laboratory are greatly 
facilitated. For this purpose a photographic plate is exposed in the 
focal plane of the lens of the view telescope, where normally the eye- 
piece would be. 



VII. The Moon and the Planets 



The moon is the nearest body to the earth that is comparable with the 
planets in size : itiii.jdia.meter.Q^ ..... J jjjtii ...... rumc .......... th a n Ctfifc 

liiaJtfif in ^- ^hfir ^tth'jL We have seen in an earlier chapter that it revolves 
about the earth in a somewhat eccentric orbit, completing one circuit 
in about twenty-seven days at a mean distance of 238,857 miles. 

THE MOON'S ORBIT AND MASS 



may be deter- 

mined by means of an interesting application of Newton's law of uni- 
versal gravitation. Up to this point we have always envisaged the earth 
as describing a perfectly elliptical orbit about the sun, and the moon as 
revolving about the earth. This is not strictly true, for tbfi Cflitfr ar> rl 

^ ..... unitr. anrj jj- is thg f,pi?lYr n,i 



rirmmmlnr nrhir; 



an nrh,it,,.iahQ^Ui ..... tfafi ..... C 



.ioypr sr ly .jMi^aQfli^^ The phe- 

nomenon is somewhat similar to that of a pair of exhibition dancers 
performing one of those athletic maneuvers in which the man turns 
rapidly over the same spot, with his partner, held at arms length, flying 
through the air around him. If such an exhibition is watched carefully 
it will be observed that it is an incorrect description to say that the man 
is rotating on his axis, while his partner revolves round him: in fact, 

.a Km it ; 



If, to employ more accurate terms, M in Fig. 40 represents the moon, 
and E the earth, the center of gravity of the system would be at some 
point C such that were the two bodies connected by a rigid, weightless 
rod, the system would balance at this point. If we write 

A/f,, fnr fhp TVIQCC nf tK^ j*3rVt 
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A/fm * << Qf "* 



*r>^r>'c ^n^ r { rrtm f K/> ff nifj:. of 



then, 

Though small, the movement o the earth about the center of gravity 
of the two bodies is large enough to cause observable parallactic dis- 
placements of the nearer planets such as Mars or Eros when they are 
in the vicinity of the earth. Measurement of these displacements allows 
the distance of the earth from the center of gravity to be determined,* 
from which Mm can be calculated by means of the equation just given. 





A 

Figure 40. (Not to scale) 
THE LUNAR SURFACE 

The naked eye shows that the moon's surface is patched and mottled, 
and observations extended over a period of time prove that the same 
lunar hemisphere is always turned toward the earth, a fact which must 
be held responsible for the anonymous housemaid's memorable lines: 

O Moon, when I gaze on thy beautiful face, 
Careering along through the boundaries of space, 
The thought has often come into my mind 
If I ever shall see thy glorious behind. 

Telescopically the moon is a wonderful sight, especially when a com- 
paratively narrow crescent. At this time the sun's light falls obliquely 
upon the whole of the visible surface, and throws its innumerable 
ridges, craters, valleys, and mountains into sharp relief against their 
jet-black and unfathomable shadows. At 



object, because ^fp* ig t bmJl'lJ!lI!I^^ tV 

tnr ^iV ^O^JHV^^ I JJU6 o !S1 1 D ri ^ p .nr s"**- lx rh r re thr i 1 1 1 1 m i n-n 

The shadows which gave an appearance 



*The parallactic displacement of the sun, for example, amounts to about 12".$. 
At the sun's distance of 9.3 X Io7 miles, 12".$ is subtended by 5.760 miles. Hence 
the radius of the earth's orbit about the center of gravity of the earth-moon system 
is 2,880 miles. This indicates that the point C in Fig. 40 should be inside the 
surface of the earth. 
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of such stark grandeur to the crescent moon are absent, and the general 
effect is of flatness, lack of relief, and unalleviated glare. 



THE 



The most obvious lunar surface features are the dajk plains, 
which are easily visible to the naked eye. They are seen telescopically 
to be vast smooth, or nearly smooth, plains, sprinkled with minute 
craters, low ridges, and occasionally mountain peaks and larger crater 
rings. The name 'mare' is a misnomer, since these flat areas are not 
seas and almost certainly never held water. Our knowledge of the 
physical conditions prevailing upon the moon proves that they cannot 
be areas of water, but at this point it will be a good enough demon- 
stration of this fact to point out that the sun is never observed to be 
reflected in the maria, as it would be were they seas. It will be noticed 
at first glance that the maria are approximately circular and that they 
are largely confined to the northern hemisphere, the southern being 
much rougher and more broken up, consisting largely of crowded 
and often contiguous crater rings and walled plains. The largest of the 
maria, Mare Imbrium, has an area of about 350,000 square miles. 

THE CRATERIFORM OBJECTS 

The most numerous type of lunar surface formation is the so-called 
crater. The name j^rgt^xl is perhaps unfortunate, since they cannot be 
likened to the volcanic craters of this planet, as regards either origin 
or appearance. They vary in size from small, wall-less pits a few hun- 
dred feet across, to huge plainn ryi milft jp diameter and rimmed with 
mountain walls many thousands of feet in height. The larger craters 
frequently have a central mountain mass and a floor bearing much 
detail in the way of craterlets, rings, ridges, and isolated mountain 
peaks. In gener^^thejrm a craterj^^jdbe^jiTiaix..jegijlar a^e its shape 
apart from this and such minor details as the presence 



or absence of a central mountain, they differ very little among them- 
selves. One almostjjnj versa! characteristic is thatjthe floor of the crater 
isjat^jLJfW^^ thus tne drop from 

the summit of the rampart is greater within the crater than on the 
outer side. 

THE LUNAR MOUNTAINS 

Like the earth, the moon possesses several great mountain ranges and 
masses; these, when seen under oblique illumination (when near the 
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terminator, that is), ar^ilia|2&Jhe~^^ the 

telescopic y^w^fjhej^oon. The height of a lunar mountain J?J_other 

featurej^^-^^ 

oJj^Ljdiadow. From this datum its height can be calculated since the 

moon's distance, and hence the linear length of the shadow, is known, 

and the only other factor in the problem, the angle of illumination, 

may be derived from the mountain's distance from the terminator at 

the time the observation was made. Art^ljtsxaatlv^ JHt}l2^ 1S to plt 

minejts disjMCJrjo^^ 

light first atjcbl_ife_^.!l| ; lp j^i making it shine like a star from the 

darkness beyond the terminator. 

In this way it has been found that the highest of the lunar mountains 
are comparable with the earth's most notable examples. But taking into 
account the size of the body on which they are situated they far out- 
strip any terrestrial mountains, since the diameter of the moon is only 
about one quarter that of the earth. The Leibnitz Mountains, situated 
on the moon's southern limb, rise in places to 30,000 feet, the equivalent 
of well over 100,000 feet on the earth.* For the most part, however, 
the great lunar ranges are confined to the northern hemisphere where 
they are commonly the bulwarks separating adjacent maria. 

THE BRIGHT RAYS 

Thr tnarini the cratprifnrm nfyVrtyjindji^ a IT fir 



facmarinns The telescope reveals 
in addition a multitude of minor features such as ridges, valleys, faults, 
and clefts. These are all topographical or 'geological' features, objects of 
rock and soil; but perhaps the most interesting and certainly the most 
baffling of all the objects visible on the moon are the hoght streaks* 
hacausL&^^ These rays, which occur 

most prolifically in the southern hemisphere, are well illustrated in 
Pla%> ix. They are apparently surface markings only, for they cast no 
shadows and are invisible under low illumination when all objects in 
relief cast the longest shadows; on the contrary, they are character- 
istically a feature of the full moon. At this time they contribute ap- 
preciably to the glare already referred to and even render invisible 
whole ring formations which happen to lie on the territory that they 

*It must be remembered, however, when comparing the heights of lunar and 
terrestrial mountains, that whereas the latter are measured from sea level, the 
former are measured from a plane of reference that is roughly equivalent (on 
the earth) with the ocean bed. 
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cross. For the most part they are not distributed haphazard over the 
whole lunar surface but are grouped into definite systems which usually 
radiate in all directions from a central crater. One of the most important 
of these systems is that connected with the crater Tycho; the longer of 
the rays from this center cover hundreds of miles. Besides their shadow- 
lessness, their invisibility under a low sun, and their grouping into 
separate systems, a jiotable characteristic a ysjs their 

^flexibility. They proceed "for Tun^IrcS's of miles across broken, moun- 
tainous, and crater-strewn terrain without suffering the slightest devia- 
tion or interruption from these formations. When a ray encounters a 
large crater ring or m*Qfain rang* if i "*" ianl ' ^ flpr ffd, but- mpcdy stair^ 

tne Jj^lsJ^UQ^i^ .with. its idaittaBSSg- In only about one known 

instance does another formation cause any deviation of a bright streak. 

The markings and formations of the lunar surface present two 
major problems, as yet virtually unsolved. The first concerns these 
bright streaks. What is their nature, and (when that has been an- 
swered) what was their origin ? If the first question could be answered 
conclusively, the answer to the second would probably follow. But 

Sm^qtiek^^uro io vriltd **^my#te*?r^fy U6MM^^thg4>6luQf 

afl}Ltoagrtttftl^"ftftl'Qgy Since the systems radiating from central craters 
bear a superficial resemblance to the splashes formed when a viscous 
object or a squirt of liquid is projected at a hard surface, or when a 
solid object is thrown at a viscid or liquid one, it has been suggested 
by Wiirdemann that the streaks may be the ,'Bplnfhfln' nf m'CtooKJbbat 
impacted with the lunar surface when it was still in a semi-liquid state. 
Again, it has been suggested that they may mark cracks in the lunar 
surface which strike out radially from the central craters and through 
which some white substance at a past epoch oozed up from the interior. 
The drawback of these theories is that they cannot explain the observed 
fact that in no instance does a streak throw a shadow under a low sun 
that they are, in fact, flush with the surface. 

Perhaps the most ingenious and attractive theory is that developed 
by Stewart and Buell, and supported experimentally at Princeton 
Observatory. It has been known for a number of years that moon- 
light is polarized in a manner that can be most nearly matched among 
terrestrial materials by powdered pumice. If the surface of the moon 
does largely consist of this volcanic material, it is probable that it is 
in a broken and shattered condition, owing to the rapidly fluctuating 
extremes of temperature to which it is subjected. %r war t and .....Tfyflgll 

. Mrrr ^ A.., A. k^ rny,_ mn ,i ff n f *- finnly p A (n-1 



THE MOON AND THE PLANETS 



^ 



ction or m-thr rmilt nf mrtirir 



fine dust would settle between the coarser grains 
surrounding lunar surface, and in this position would only be visi 
under a high sun; under oblique illumination it would be hidden from 
view in the multitudinous small shadows of the larger particles of 
which the surface consists. 



THE MOON S PAST HISTORY 



No instrument is more powerful in the hands of scientists than mathe- 
matics. Newton generalized the laws of Kepler, showing the nature 
of the 'why' that underlay his 'how,' and all subsequent work has gone 
to ratify the universality of the law of gravitation. By its means the 
behavior of bodies in space can be calculated for almost any set of con- 
ditions. The physical constitution and behavior of matter, investigated 
in the laboratory by means of experiments which the reader can find 
described in any textbook of physics, also allow of mathematical ex- 
pression and investigation. Thus it was that G. H. Darwin was able 
to proceed from premises generally believed to correspond most closely 
with the past condition of the solar system to a mathematical demon- 
stration that the moon was very probably 'born' of the earth. 

Before describing the results of his investigation a word must be 
said of the currently accepted picture of the earth's origin; it is well 
to bear in mind, however, that this account of the birth of planets is 
entirely lacking in anything approaching proof. ^ 



thepast a star is said to have swung out of the, depths of sgacejjgassed 

"""^WW^^M.....*..^^** ... W ^^ '"*"' !| - . -I 



Jcnown. As the distance separating the two bodies sun and star 
grew steadily smaller their increasing gravitational attraction raised 
gigantic tides in theij^J^ji^^ for a similar reason the moon 

today raises tides in the earth's oceans. The solar tides increased in 
volume as the two bodies drew nearer to each other, until a point was 
reached when equilibrium could no longer be maintained, and a jet 
of solar material was drawn out toward the star. From this liquid 
or gaseous filament the planets later condensed. 

It follows from this hypothesis that at some period in the past the 
study of radioactive minerals in the earth's crust suggests some two 
thousand million years ago the earth was a plastic body with a tem- 
perature of several thousand degrees; it also follows that its rotation 
period was very much shorter than it is today. It was from this stage 
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in the earth's supposed early history thatJDarwin began his deductions. 
He proved that this body would contract and that the contraction would 
be accompanied by a steady acceleration of its ^Qj^UQU^Then came the 
crucial stage of the demonstration in which it was proved that if this 
acceleration increased beyond a point when the earth was rotating once 
in about three hours, then it would disrupt with the formation of two 
bodies of unequal size. At first these would be in contact and in rapid 
revolution about their common center of gravity. But just as the moon 
now raises tides in the terrestrial oceans, and as the earth's two 'parents' 
are supposed to have raised tides in one another, so each of the two 
bodies would cause enormous tides in the semi-plastic body of the 
other. It was shown that the immediate effect of these tides would be 
to put a brake upon their axial rotations: and since the angular momen- 
tum of the whole system must be conserved, this would result in the 
two bodies moving further apart. Ii^a*j4K*we**ldxc^^ 
[jxuiL4^aiA"4^^ cessation. ,o the 

tMcsjaad the assurngitiaa of diek prese*** FlaU^ rt posJ^a$* Observa- 
tional confirmation of a single point in this hypothesis is possible. 
Darwin proved that not only would the tides affect the lunar orbit, 
but that they would also decelerate the moon's rotation until its axial 
rotation and its circumterrestrial revolution occupied the same period. 
As can be observed, this actually is so; the moon rotates on its axis in 
the same period as it revolves, and therefore always turns the same 
hemisphere to the earth. Furthermore, the oceanic tides must have a 
similar retarding effect on the earth's rotation, and though the effect 
is slight it is large enough for detection: the day is steadily but very 
slowly lengthening. 

Thus we have sound cause to believe it is generally regarded as 
proven that^jusome ..past- epoch..,. the, 



LceseoU These facts have been made use of in one of 



the many attempts that have been made to solve the second great prob- 
lem propounded by the moon's surface features: that of the origin of 
the maria and crater rings. ^ 

j^, LUN ^ :plA ^^,^. Mr 

Only two of the more interesting suggested explanations of the existence 
of lunar craters will be discussed here; even so, the treatment must be 
unsatisfactorily brief. The first supposes that the moon was once sub- 
jected to a prolonged meteoric bombardment. At this epoch it is 
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envisaged as having lost whatever atmosphere it may once have pos- 
sessed, but as having developed, through cooling, a solid crust. At each 
point of impact between a meteoric fragment and the lunar surface an 
intense temperature would have been injka&tanepusly enerate3 % 
the translation of the meteor's kinetic v energy, jng ( Jieat u energy. The 
resujtant explosion, given a meteor of considerable mass, would have. 
made^jic^-^ttom^ Assuming meteors ot 

dimensions comparable with the asteroids,* there is no difficulty in 
envisaging the formation of even the greatest of the walled plains by 
this means. 

Other points in the theory's favor are the satisfactory explanation it 
provides of the astonishing circularity of formations often 150 miles in 
diameter, and its provision of a mechanism for the expulsion of jets of 
pulverized material called for by recent suggested explanations of the 
bright rays. 

Two of the commoner objections that have been leveled against the 
meteoric theory are easily disposed of: that the earth also shoyJdL be 
pork mnrVpj with rratgr&j japH that sincelToT aTT of the impacts would 
be in a vertical plane a large proportion of the craters should be 
elliptical. The former neglects the fact that the earth's atmosphere 
provides a protective screen with the moon lacks, and also that erosion 
and sedimentation are terrestrial smoothing agencies not to be found 
on the moon. The latter makes the false assumption that an oblique 
impact must cause an elliptical crater: if the impact were explosive, as 
it would be, the crater would always be circular. This fact is well 
known to readers who have had experience of aerial or artillery 
bombardment. 

It is, however, a valid criticism of the meteoric theory that it cannot 
account for the maria, and it seems probable that these do represent 
areas of subsidence such as are jyivisaged in the seismic theory. 

(?> ' 

ORIGIN OF LUNAR CRATERS V^EISMIC THEORY 

The seismic or tidal theory proceeds from entirely different premises. 



According to this hypothesis, the Jtrsljjge^^ 

Qa^^ solid crustj^yj^JL^ 

by giga.nti r tides rajxiiJ^lbt mmpara ti v^ly 



. 

The progressive cooling of tlie moon would result in the contraction 
of this crust, strain being set up in it, and the final collapse of points 
which were either weaker or thinner than the surrounding surface. 
*See p. 205. 
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Each time the internal tide swept past such a rupture, the molten 
material would be forced up through it, enlarging it and leaving a 
cooling deposit round its edge. Since each vent-hole would be con- 
tinuously growing, the older craters would be larger than the more 
recent. Finally, the crust, cooling gradually throughout this period of 
crater formation, would grow sufficiently thick to prevent the periodic 
uprushes. The maria are represented as areas of subsidence and second- 
ary crater formation at a later epoch. The fact that they are darker 
than the areas of initial crater formation is explained by supposing 
that the less dense materials which would float to the molten surface 
were of a lighter hue than the denser substrata. The subsidence theory 
of the maria receives support from the observed fact that they contain 
many reduced and partially melted ring plains of a light color, relics of 
the primary stage which escaped complete destruction at the time of the 
formation of the maria. 

Against the seismic theory it may well be urged that such geome- 
trically circular formations could not invariably have resulted from 
the 'eating away' of the periphery of the original vent or subsidence. 

It seems reasonably safe to believe that for the true explanation of 
the origin of the craters and maria we must look to one of these two 
theories, or more probably to some modification or combination of 
them. On the other hand, it would be invidious in a book of this nature 
to support one against the other: all that can be said is that the case 
for neither is yet proved, and that the debate continues. 



THE LUNAR ATMOSPHERE 



Perhaps the most striking feature of the lunar landscape, as seen tele- 
scopically, is its unrelieved starkness. Shadows are dead black, and land 
and surface markings hidden from the direct rays of the sun by the 
terminator are completely invisible. Th^ [jffjnitrffi r ir Y^^-p n " *^"* 
flf ? ****! P|r"T~g x A ko lf tHHiflj j,nr]" nlmi \ n "., blurred details, and 
soft distances are conspicuously absent. This alone would lead one to 
suspect that the moon has no atmosphere, for these are characteristically 
atmospheric effects. Still more important, objects near the limb are 
seen with a stark clarity which is in no way inferior to that of objects 
near the center of the disk. Such a dimming would inevitably result 
from the existence of any but an extremely rare atmosphere. 

? lead one to suspect that the^ i *n 
ii But this is not enough, "and Tnorl?"" Sjpecinc observations 



can be found to confirm this conclusion. Several times a month, on the 
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average, the moon passes in front of a tolerably bright star. Because the 
moon's motion is eastward the star disappears at the eastern limb and 
reappears at the western. If the moon had no atmosphere, the disap- 
pearance (and the reappearance) of thr imr "rrinlrt fr ft ' a ' r "* nr>< 'inrnr < r-~ 
at one moment the star would appear to be perched on the moon\j 
limb and the next it would be goneJ^the moon had an appreciable 
atmosphere the light fromMthgj^^ 
reaching tke ...... 4ii'iib uf iliL' 1 ^ gradually fade 

out, its color would change, and the apparent rate of approach of the 
star toward the limb would be changed. Many hundreds of occultations 
of stars by the moon have been observed and in every case the disap- 
pearance of the star has bcenjyaaaala^ 

in the brightness or appearance of the star just before it disappeared. 
Hence it is concluded that the moon has no appreciable atmosphere. 
Observation of the occulted star cannot tell us that the moon has no 
atmosphere: on this point it can give us no information. All we are 
justified in concluding is that if there is an atmosphere at all, it is 
below a certain threshold density at which the occulation phenomena 
referred to would be sufficiently marked to be noticeable with our 
most accurate instruments. This threshold is io~~ 4 of the terrestrial; 
the atmospheric pressure at the surface of the moon cannot therefore 
be greater than one ten-thousandth of that at the surface of the earth 
or 0.076 mm. of mercury. Rare though such an atmosphere wmJfl lv. 
it would not be nonexistent. 



which indiq^csjhay^,jpQQn ..... has not k 

^ n eartn darknes\does 



not fall the instant that the sun is obscured by the horizon; hig 
levels of the atmosphere are still lit by the direct light of the sun for 
an hour or more after sunset, and the molecules of this atmosphere 
reflect and scatter the light, thus preserving the indirect illumination 
known as twilight. An observer toeking fttator, carih from .outer . 



^ 




bnf- ^ ri -'- ng fP5 l> ^ p ' ihuHin 
ITKasTleien estimated that a lunar atmosphere with a density exceed 
ing io~ 5 that of the earth would cause an observable twilight <*#rr 
in the cusps. 

The spectroscope clinches the matter. Since the moon shines/ b; 
rettecte^unlTgnt, its spectrum is a faint replica of the solar spectikim. 
But should the moon possess an atmosphere, it would be betraWd 
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spectroscopically by the presence of absorption bands, provided its 
density is sufficiently high. For the solar light when reflected from the 
moon's surface would have to pass twice through its atmosphere, once 
before reflection and once after. Yet the lunar spectrum is identical 
with that of the sun, and no lines that might be -attributed 4o lunar 
aliiiQ&piEeHc Absorption can be detected. There are non-solar lines, it is 
true, but these have all been established ^s telluric, i.e. caused by absorp- 
tion in the earth's atmosphere. The lunar atmosphere, then, if it exists 
at all, does not exceed one ten-thousandth of our own in density. 

THE LUNAR TEMPERATURE 

From the point of view of life, the next most important environmental 
factor is temperature. The earth's atmosphere contains considerable 
quantities of water vapor, and acts as a blanket wrapped round the 
day-warmed hemisphere which retards the radiation of its heat into 
the night sky; it is well known that a clear, starlit night is colder than 
one that is overcast and cloudy. But whether or not the moon does 
possess an atmosphere io~~ 4 or io~ 5 as dense as our own, an atmosphere 
of lower density than this would certainly be incapable of performing 
this blanketing function. Hence,, the lunar surface jnusLjioLjonly get 
very^much hottcrjJ^jl^ dayrbut iatso ' BecofPTe very 

Still more so, since the lunar days and 



nights are equal in length to fourteen terrestrial ones. 

The measurement of the moon's temperature would be impossible 
were it necessary to do so directly. The measurement of very minute 
units of heat presents considerable practical difficulties. It is fortunate, 
therefore, that heat can be converted into electricity, for minute electric 
currents can be detected and measured more easily than minute units 
of heat. The galvanometer (an instrument that performs this opera- 
tion) is a very much more delicate and sensitive piece of apparatus than 
the thermometer. If two pieces of metal one, say, of iron and the 
other of copper are soldered together and then heated, an electric 
current will flow between them. It has been discovered that the metals 
that give the strongest current for a given temperature are antimony 
and bismuth. A number of these antimony-bismuth units, known as 
thermocouples, are joined in series and connected with a highly sensi- 
tive galvanometer. Then the light and other radiation from the moon 
is allowed to pass through a telescope of large aperture and is focused 
on the bolometer; the galvanometer is read, and a simple calculation 
(based on data derived from laboratory experiment) permits the 
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temperature of the source to be deduced. It is found that the tempera- 
ture of the night side of the moon is very low indeed, and different 
workers are almost unanimous in their estimate of a temperature near 
to absolute zero ( 273 C.). This is the absolute cold, the complete 
lack of heat, which characterizes interstellar space. 

Unfortunately, estimates of the temperature of the sunlit side that 
have been made by different workers and at different times do not agree 
so closely. But the most reliable recent work on the subject makes it 
probable that the temperature at the center of the sunlit hemisphere is 
some 30 above the boiling point of water (130 C.) ; it falls off rapidly 
during the long afternoon, freezing point being reached shortly before 
sunset. During even the few hours that the sun is obscured at lunar 
eclipse, the temperature may fall to the neighborhood of 120 C. 

Thus the moon, judged by terrestrial and human standards, is not 
a hospitable place. It has an atmosphere which is at best almost non- 
existent, and the surface temperature fluctuates between about 200 
below zero and that of superheated steam. It is hardly surprising, 
therefore, that the moon has generally been regarded as a dead world. 
Within the last fifty years, however, some doubt has been cast upon this 
easy assumption, notably by W. H. Pickering. Even before this time 
it had been known that the face of the moon is not entirely change- 
less, though such minor changes as had been noticed were consistent 
with a 'topographical* explanation that is to say, were probably in 
the nature of landslides, subsidences, and the like. 



The most famous case of such lunar change is that which occurred to 
rhe rrater "Lif\rje. This is a small, wall-less crater situated on the flat 
expanse of Mare Serenitatis. It first figures in the map of Riccioli, con- 
structed in 1651, where it appears as a deep crater some 4% miles in 
diameter. At the end of the eighteenth century Schroter described it as 
a doubtful crater consisting of a small, brilliantly white spot. Not only 
do these two accounts conflict with one another, but had the crater 
been no larger during the seventeenth and eighteenth centuries than 
it is today neither Riccioli nor Schroter would have been able to detect 
it with their relatively primitive instruments. In 1823 Lohrmann 
described it in terms reminiscent of Riccioli, and in 1831 Madler, as 
the result of several observations, stated that it was a deep, bright, and 
distinct crater 6 miles in diameter. Twelve years later Schmidt con- 
firmed this general description after having observed the crater care- 
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fully on eight separate occasions; he estimated its depth to be at least 
1000 feet and its diameter something between 5 J /2 and 7 miles. Up to 
this time, then, different observers' estimations of the size of Linne 
had varied widely, but, if we ignore Schroter's observation, no change 
of structure had been definitely established. 

In October 1866 Schmidt re-observed Linne and noticed that its 
appearance had altered strikingly since he had last observed it twenty- 
three years previously: where before there had been a deep and dis- 
tinct crater there was now a featureless white patch. In the following 
month he announced that the crater had disappeared. After several 
more months had elapsed he announced that a minute crater-pit, not 
more than a quarter of a mile in diameter, was just visible on the 
white patch that had replaced the vanished Linne. By 1868 this crater 
had increased in diameter to about one and a half miles. Today Linne 
appears to be a small crater about one mile in diameter. 

Liiu Iv ii m1iThTTTTnl)lnli("fl ikil ftlTnT^^ thin it 



was during the period i^i^866^Jjts-disappearance and what looked 
^^^,^^^^^^^^^ white cloud in the latter year may possibly 
be explained as the subsidence and collapse of the original deep crater, 
though the subsequent formation and gradual growth of the present 
crater is puzzling. 

OTHER TYPES OF LUNAR SURFACE CHANGE 

The floor of the crater Plato has also furnished some well-attested 
examples of lunar surface change. This crater floor is of a dark tint, 
smooth and featureless but for a number of minute crater-pits inter- 
connected by a system of faint rays. Independent observers at dif- 
ferent times have reported the disappearance of some of these pits, 
and it is safe to say that their visibility is variable. In addition to these 
unpredictable disappearances, the floor of Plato itself is subject to a 
periodic variation of brightness, the depth of tint being dependent on 
the time of lunar day (terrestrial month). This is impossible to explain 
by recourse to any 'topographical' theory of lunar change, and leads us 
on to the work of Pickering and his followers, which within the last 
half century has strongly suggested although the suggestion has 
not been universally or even widely accepted that som42[rimdtivefoji^ 
of v^getahkJifg reny ^l^nrry.^n. a prfr^JQiTgpYigfpnrp ontn7lriomi's 



THEMOONANDTHEPLANETS 183 



THE p A T 



The first discovery produced by PicKermg s intensive study of the moon 
was that of the new type of surface feature which he named the partly 
bright areas. These are small, light-colored areas which most usually 
oWtir on broken ground crater floors and ramparts, and the upper 
slopes of mountain ranges are common sites. What gives these partly 
bright areas their outstanding interest is the fact that their brightness 
varies with the lunar day. Some twenty-four (terrestrial) housjafte 



Presumably 



t _ 

they increase in size again during the long lunar night, for when they 
are next visible soon after the following sunrise their size and intensity 
is once more maximal. The peculiar nature of this variation the size 
and brightness of the area being inversely proportional to the sun's 
altitude suggested to Pickering that they might possibly be deposits 
of sjnP w -ft r - more p roha hi Vj Jyiar f f Qkj^ s we have seen, other considera- 
tions indicate that the moon has long been without any trace of water; 
nevertheless, no more satisfactory explanation of these partly bright 
areas has yet been proposed. 



THE 



The next feature to be discovered also by Pickering which hinted 
that the picture of a dead and waterless moon might need some revision 
was the variable spots. These spots first appear some hours after sun- 
rise and increase in size and depth of color to a maximum some hours 
before sunset, when a rapid change in the opposite direction sets in; 
by the time the sun sets, and the terminator reaches the spot, its color 
is normal once again, and as a spot it no longer exists. Variable spots 
are not found within about 30 of the poles, and the nearer a spot is 
to the equator the more rapid is its cycle of changes. What are these 
spots, and what is the significance of their monthly changes ? Pickering 
asked whether they might not be patches of some kind of lunar vegeta- 
tion. This explanation, though once again at variance with earlier 
ideas concerning the nature of the moon's surface and of the conditions 
prevailing upon it, gives a satisfactory account of the phenomena that 
it sets out to explain. 

But the revolutionary implications and disregard of theoretical con- 
siderations which characterize Pickering's theories have resulted in 
their somewhat unenthusiastic reception by the astronomical fraternity. 
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MECHANISM OF ECLIPSES 

The moon, in revolving about the earth, traces out a great circle upon 

the star sphere. Similarly the sun describes in the course of a year the 

great circle known as the ecliptic. The twj^ojnj^^ 

intersect are called nodes: the ascjm^ 

Irc^ arW f h^ psr endJO noij^ 

whej^itpasses back agam^jroj^^ the sun and 

moon are at. Qppnsjy^j^de^ sjm^ltanfiO^^ 



nodes a 



will occur. Hence it is that eclipses of the moon can only occur at or 




Figure 41. 

near full moon. Thus there are two important differences between 
lunar eclipses and those of the sun: th^fo^TTej^alway^ occur at ful| 

and ^3jj3^JJBdQy ; ' nn 

; the 
gh n A n w 




^ ...... mnnttj and thi,^ 



w b i r.h, 



To say that the 
ibf 



n -ef 



ipfWj 



7 This circular shadow, as it sweeps across 
the moon's surface, is seen to consist of a daji^^itrjilcore, or umbru, 
surrounded by a ]ej>sjdej]^^ the^ejiuijib^^p he formation 

of these two zones in the shadow is explained in Fig. 41, which shows 
a spherical body casting a shadow upon a flat surfacej the illuminator 
is likewise a spherical body and not a point source. Actual experiment 
will demonstrate that the outer edge of the penumbra and the junction 
of the umbra and penumbra are not sharply defined, as in the diagram, 
but are hazy and indeterminate. A little thought, and the inspection 
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of the figure, will show why the two shadow zones are formed. An 
observer stationed in the nmfcra AB will discover that the illuminating 
body is completely blotted from his vision by the eclipsing body; no 
light from the source can penetrate the cone AEba. An observer under 
the pe^nmnbo^jCD will not see a totally eclipsed illuminator, but a 
partially eclipsed one. The further he is from the umbra i.e. the nearer 
to the outer edge of the penumbra the smaller will be the fraction of 
the illuminating body that is observed to be eclipsed, and the lighter 
will be the tone of the shadow upon the screen. 

Now suppose that the body X is in motion, so that its shadow 
moves across the screen. The umbra will trace out some such zone 
as AA'BB', and the penumbra the zone CC'DD'. We have now 
reproduced the mechanism of eclipses. In the case of a lunar eclipse, 
Y is the sun, X the earth, and the screen the moon's surface (here 
represented, for simplicity, as a flat instead of a curved surface). 

If the sun^jmd^j^ thjp same node 

wiLuccw. The fact that 



there is not a total solar eclipse at each new moon proves conclusively. 
without its being necessary to plot the paths of the sun and moon on a 
star map, that these two paths do not lie in the same plane. That is. 
that the planes containing the orbit of the moon and the apparent 
orbit of the sun (the terrestrial appearance of the earth's circumsolar 
orbit) are inclined to one another; since they both pass through the 
center of the earth, they must nevertheless intersect. The necessary result 
of this inclination of the ecliptic to the moon's path is that when eithei 
the sun or moon are not near a node there cannot be an eclipse. 

Suppose that the sun and moon reach a node, not simultaneously 
but in close succession. The body__ofjhcjnoonji^ 

result will be a . 





Fig. 42) . The farther the surilsTrom the node, the smallei 
will be theTK-action of its disk which is obscured. Beyond a certair 
distance (which is easily calculable) there will, of course, be no eclipse 
at all. 

At the same time, it must be noted that the simultaneous arrival of 
both bodies at the same node does not inevitably result in a total solar 
eclipse, though the eclipse must under these conditions always be cen- 
tral. For we have seen that planetary orbits are not circles but ellipses, 
one of whose foci is occupied by the center of the sun. Hence the 
distance of the moon from the earth and of the earth from the sun are 
subject to small variations which cause a variation in the apparent sizes 
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of any two of the bodies concerned as seen from the third. Thus it is 
possible for the earth and the moon to assume positions in their respec- 
tive orbits such that the angular diameter of the moon is slightly smaller 
than that of the sun. Under these circumstances, and when the centers 

of the sun and the moon are in the same line of jj^ht, t^ sun will not 

fa ^ntfllly n Kcrlir H; a "^""_rnw r ^ m nf r^f/^Fn l A w ^1 



annulus, a ring. 



. Such ecj^psfifcare calleA, 




from the Latin 



Figure 42. 



The distances and sizes of the moon and sun are related in such a 
way that the shadow of the former on the earth's surface cannot exceed 
167 miles in diameter; usually it is much less than this. Thus as the 
moon moves across the face of the sun its shadow traces out a com- 
paratively narrow band across the earth's surface. An observer stationed 
more than about 84 miles from the center of the totality zone (assum- 
ing that its size is maximal) will see a narrow lune of sun round the 
moon's limb at the moment of the nearest approach to totality; he 
will, in fact, observe a partial eclipse. The further away he moves, the 
larger will be the observed solar lune. If he is situated more than about 
2000 miles from the center of the totality zone he will observe no eclipse 
at all. These zones of course correspond exactly with the umbra and 
penumbra of lunar ^Upc^c ^Xhfijflt^^,,;;-^ \*f* t ...... VJHbra flf tbf TD.P np -* s 



the zone from which the eclipse is observed as partial, is the 
penumbra. AA'B'B, in Fig. 41, is the totality zone, and the wider area 
covered by the penumbra (still a band-shaped zone, longer than it is 
wide) is the 4000-odd mile wide zone of the earth's surface from 
which the sun appears to be partially eclipsed, and which therefore 
receives some light direct from the sun. 
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LUNAR ECLIPSE PHENOMENA 



M^iflfisdLJ - p -- tne whole disk will li< 
underThe umbra. TjLlhey do -rmf-thr rnrthH nhndow will ifiwecp acros 1 
ft section of t.b_JllJiar..J^i^ Qgly Under these circumstances, nothing 
but the penumbra may fall on the moon, but at total eclipses the 
shadow can beclearly" 'seen to consist of a central dark umbra and a 
peripheral, lighter penumbra. 

Since, in eclipses of the moon, it is the shadow upon the observed 
object that is seen, and not the eclipsing body itself as in the case of 
solar eclipses, ,,,fl liin# r Tlipsf* is visible w^f -dMr -wJbfllc . terrestrial 
bniigrhrrr f r nm wbif h. r 4-H& IDJQII^^ We have seen that the 

lunar territory under the umbra receives nodirect light from the sun. 
It might therefore be expected that it would be invisible. Actually, 
however, the iii!k.j^ * s on ty reduced in brightness, and 

usually rendered a deep red color: itjt^^in^ym Account 

ofj^jcjok^' ..... ery"3frptk4ngly 6Ok The reason for this visibility is that 



^ partly im.rV r .WatCI ....... apP^? rg tQ 



Thus all the light that illuminates the totally eclipsed moon has 
passed through the earth's atmosphere, and for this reason terrestrial 
meteorological conditions (especially the incidence of clouds) affect 
the appearance of a lunar eclipse. The redness of the refracted light is 
due to the preferential action of the atmosphere upon the radiation of 
mixed wave-lenghts of which sunlight is composed. T]he w blue lijghtjs 

jiS^^ wMk ^ t 

a 1 m os t in J t s en t i ^^-y^JtiTT^t^f- same reason, as has already 
been pointed out, that t-h* rlay ^ky^Lgl)]]]^ and that HS^s(when the 




THE PLANETARY FAMILY 

The order of the planets from the sun outward is Mercurj, ^gjnis, 
FartJU Mau^? J-Uftiter, Saturn, Uramis, Negtune, and (most distant and 
most recently discovered of all) Pluto. We saw in Chapter in that the 

rli sr ^nccs i iiUJi the .SMIL- &oduJiiQQJGi i MiiiUr^Jj^ ...di^uY.cffi r?f?ir^ililifiiiir-itJr- 

Eafrthud^ either directly or indirectly. Further, that the distances of the 
planets may be similarly determined; and, since the distance of the 
sarth from the sun is known, we can arrive at the solar distances of 



l88 QUALITY THE NATURE OF THINGS 

those planets too remote for direct investigation, by the application of 
Kepler's third law. By a close observation of the motions and successive 
positions of each planet, it is also possible, with the assistance of the 
laws enunciated by Kepler and Newton, to reconstruct its complete 
orbit : to discover its j^Xfntrkiiy? the lejij^iis.jaL^ 
axes (the planet's greatest and least distances from the sun), the. 
, and the 



MERCURY: SOLAR DISTANCE 

In this way it has been established that the mean 



^ miles, or about one third of AcTarrirS. But 

the orbit is markedly eccentric more so than that of any other major 
planet except Pluto with the result that the solar distance varies con- 
siderably with different positions of the radius vector: it may be as 
great as 43 million miles or as littlcas 28 million/ Thus Mercury's 
distance from the sun varies by abc)Utj2i3oLJXatjpf its mean value, as 
compared with the earth's 3 per cent. This alone will cause appreciable 
temperature differences at the Mercurian surface at different times 
during its year. 

MERCURY: OBSERVATION 

But even 43 million miles is a relatively small distance, and it is this 
nearness of Mercury to the sun that causes the apparent proximity of 
the two bodies in the sky; we have seen that Mercury can never be 
further than about 28 from the sun. This restriction has important 
practical effects, for it means that whenever Mercury is visiblejo the 
near th? 



fc-rrirbrr thr rnntnrn WrJT^n TI shot timr hffor^ ffi13n r i^ 9 r Jthg. 
l^Qfi^Qn4u^-^ftr._^fl^et^NowjthcJcast favorable way of ob- 
serving a celestial obj.ecLJs.la yiewat .when k ig-ear4ke4ionzon, for it 
is then beiug^jsfiox.tliimigh 3 maximum thkkaesfr <>attnosphere (see 
Fig. 43). The effect of the atmosphere upon telescopic 'seeing' is com- 
parable with that of a thick, cloudy plate-glass window of uneven thick- 
ness and density, and studded with flaws, interposed between the 
observer and the object observed; a window, moreover, which is in 
constant and erratic motion. Fortunately, Mercury is a bright object, 
and it is this fact that allows the difficulty to be overcome. For when 
its position in the sky is known as, through the application of Kepler's 
laws, it is known, and recorded in almanacsit can be picked up 
telescopically during the daytime. Its altitude above the horizon is then 
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greater than in the evening or early morning, and the effects of the 
atmosphere upon the 'seeing' are therefore lessened. 

Those who aspire to see Mercury with the naked eye will do well 
to note the following facts. Elongations, when Mercury and the sun 
are, as seen from the earth, farthest apart, and when the interval be- 
tween the rising (and setting) of the two bodies is greatest, are most 
favorable in the north hemisphere when they occur in spring- O]( 

fjlfi IT^P 1 ^ ^B ^ Inrprgnr nnglf* W jfh the .. 
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Nfaximum elongations east in March or April (evening observation) 
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or maximum elongation west when it occurs in September or October 
(morning observation), consequently provide the best conditions. 
Telescopic viewing will of course show that it is dichotomized at 
these times. 



MERCURY: AXIAL ROTATION 



sidereal period is easily determined by inspection, allowance 
being made for the observer's motion, and is found to be a little less than 
eighty jjgbtjdays : this is the planet's 'year,' or period of circumsolar 
pBvakitimi? But its period of axial rotation is less easily determined, and 
is, indeed, not yet beyond doubt. The obvious directions to an observer 
wishing to determ^ a planet's r^^joy, pgpd 9 re as follows. Observe 



^ 
cnnspfcuous, surface marking acrossjthe planers 



. 

unfor- 



tunately, Mercury exhibits no sharply defined markings that can be 
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used for this purpose. Such markings as it has are so vague in outline 
that it requires telescopes of considerable aperture, employed when the 
planet is high above the horizon, to show them at all; even so, their ill- 
defined nature renders them quite unsuitable for the determination of 
the rotation period. Schroter believed that Mercury rotates on its axis 
in about twenty-four hours, and this view was generally accepted until 
1889, when Schiaparelli suggested the much longer period of eighty- 
eight days, that in which Mercury completes one revolution of the sun. 
If this is so, Mercury always turns the same hemisphere toward the 
sun, just as the moon always turns the same face inward to the earth. 
This longer period is consonant with the negative results of the attempt 
made at Mt. Wilson to measure with a thermocouple the radiation 
from the dark side of Mercury, which also suggest that one hemisphere 
never receives direct heat from the sun. 

How difficult it is to estimate the rotation period from observations 
of surface markings may be appreciated from the fact that the angular 
diameter of Mercury at elongation is the same as that of a twenty-five 
cent piece seen from a distance of about half a mile. This difficulty is 
aggravated by the persistent lack of sharply defined markings of any 
kind, the characteristic features being vague areas of a slightly darker 
tone than the general background of the planet's disk. Other observa- 
tions which have been described at various times are a blunting of the 
cusps when the planet is in the crescent phase, irregularities in the out- 
line of the terminator, and certain minute projections over the limb. 

MERCURY: TEMPERATURE 

Were it possible to isolate the problem of the rotation period from 
all others connected with the planet, this hiatus in our knowledge would 
not be of any great importance. But this cannot be done, for the prob- 
lem is intimately bound up with the further problem of the tempera- 
ture at the planet's surface. If one hemisphere is always turned toward 
the sun and the other never receives any solar light and heat whatever, 
the temperature difference between the two will be considerable. But if, 
on the other hand, Mercury rotates rapidly upon its axis, the difference 
of temperature between the sunlit side and the dark will be very much 
smaller. Radiometric measurements undertaken at Mt. Wilson Observa- 

tory indicate ~ ~nin rrTrr* r ] ' J n n f [1 ' fl1 n 

Owing to the great variations in Mercury's distance from 



the sun, to which attention has already been drawn, this will vary 
between a minimum of about 280 to a maximum in the neighborhood 
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of 410. As one travels from the sub-solar point* toward the edge of 
the illuminated hemisphere the altitude of the sun will decrease (since 
Mercury, like the earth, is a spherical body) and the temperature will 
drop. The temperature of the darkjjojg TOns tP he very low inde^o 1 . 
and no radiation from it of measurable intensity can be detected with 
our present instruments. The extremely high temperature of the center 
of the sunlit side of Mercury (about equal to that of molten zinc and 
nearly twice that of molten tin) is of course due to the planet's rela- 
tively small solar distance, while the great difference between the tem- 
peratures of the sunlit and the dark hemispheres confirms the longer 
rotation period. 

MERCURY: ATMOSPHERE 

Though the lack of definite knowledge regarding the rotation of 
Mercury must also render our knowledge of its temperature regrettably 
inexact, one thing is certain. On account of its proximity to the sun and 
its high temperature (whatever the precise figure may be), Mercury 
cannot possibly have retained such atmosphere as it may once have 
possessed. T ^^_fnrfnr rp" tr nllinj; rhn rmtintiinn nr Imr nf n plinrt'y 
cittn/icnViprp^ ig the di ffprfincf* bptwi^Ujx r -tlif~-i2^:^^ 



nt " "'k;,~K any Knrly r-niilrl scrape p^i:.manf>nt1y 



The first of these velocities is de- 

' r a 

termined by the temperature of tho atmocptierc (since the hotter a gas 
is, the greater is the velocity of its component particles), 



The second depends upon the 

a greater mass involves more powerful gravitational at- 
traction upon the atmospheric particles, and correspondingly higher 
velocities are required in order to escape from that attraction), and upon 
its radius (since the atmosphere is farther away from the center of mass 
of a large planet than that of a smaller one). 

We have already seen that the temperature of the sunlit side of 
Mercury is very high. If the planet has any atmosphere, convection 
currents would cause a circulation of air that would raise the tempera- 
ture of all the atmosphere to a uniformly high value. Calculations show 
that the molecules of any atmosphere that Mercury may have will be 
moving with speeds considerably higher than, for example, those of the 
earth's atmosphere. Escape of molecules may therefore be expected 
unless the planet's gravitational pull is correspondingly greater than 
the earth's. But it has been found that this is not so, and the raising 

*That is, the point on the surface at which the sun is directly overhead. 
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of the first threshold together with the lowering of the second make 
it quite certain that Mercury cannot have retained an atmosphere. As 
in the case of the moon, this conclusion is verified by the spectroscope, 
for the spectrum of Mercury bears no trace of absorptions other than 
telluric. 

MERCURY: LINEAR DIMENSIONS 

That Mercury's gravitational pull is less than that of the earth may be 
suspected as soon as its linear size is determined. This can easily be 
done all that is required is the measurement of its angular diameter. 
This is found to vary from 5" to 13" according to the relative positions 
of Mercury and the earth in their respective orbits. Since the distance 
separating the two bodies is known, one has only to calculate what 
linear diameter j^w^3^i>e required to give the observed apparent 
diameter at thif distance in question. This linear diameter has been 
found t^ he apout 3000 mites. Mercury is thus a much smaller body 
Than the earth^mily abpdt half as big again as the moon. Th$_Uface 
ravity of a planet, i.e. f h p graYit? f i nn ^ f r a nrnt 



^^ii^JTl^f^r}^^^^ d to the density of the material of which the 
planet is constructed. Accordingly, if Mercury is made up of the same 
sort of material as is the earth, the surface gravity would be only three- 
eighths that on the surface of the earth. This would mean that a man 
weighing 200 pounds on the earth would only weigh 75 pounds on 
Mercury, although his mass would be the same. However, we cannot 
be certain of this value of the surface gravity until we have determined 
the mass of Mercury, since density is directly proportion to mass and 
inversely proportional to the volume of the object. 

MERCURY: MASS 

accurate 'method nf fktcrminSng.a plMt!Lm^i s |^^ 

applinrinn nf the hws 



ofjnotiQn. But Mercury has no satellite, and we are thrown back upon 
the less accurate and more tedious method of perturbations. As Newton 
discovered, any two bodies attract one another with a force that is 
dependent upon certain properties and relations of those bodies^ Hence 

MnrnrV " 1 '' '' * ........ "" '"" V ' nr " ...... * nr i"rfinrv will ^rnr^r- 



s* orbit al^^ A careful study of the nature andoegree 

f tn i s p^turbatijaa allows the mass of Mercury to be calculated by 
the appficationor Newton's laws, though the comparative proximity of 
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both planets to the very much more massive sun largely deadens the 
perturbations, and the result is correspondingly inaccurate. As would 
be expected from its small size, however,therna^^jLL,,Mc l rri]ry is .con- 
siderably less than that _of the _' 



MERCURY: TRANSIT PHENOMENA 

Several other observations that confirm the conclusion that Mercury 
has no atmosphere must be noticed in passing. When one of the inner 
planets approaches the limb of the sun it is being lit from 'behind' by an 
extremely brilliant light. This light must pass through any atmosphere 
that the planet may possess, thus rendering it visible as a bright halo. 
Venus, which is known to possess a dense atmosphere, exhibits such 
a halo when passing into and out of transit, but nothing of the sort is 
to be seen surrounding the limb of Mercury under similar circum- 
stances. 



MERCURY: ALBEDO 

The planet's albedo suggests the same conclusion. When a beam of 

light is directed upon an object a certain proportion only is reflected. 

Different types of surface reflect the incident light in different degrees, 

but naJ.Ilit|iaLobiect or sub^ance is more highly reflective than 

newly fallefejwt^ ^i^">2iP er c nt 

light. ThisTd^tc^^ jpddent 1igbt is 



Q,s 



albedo or snow, tor instance, is 75 per 



_ | ^ .............. ..... Minjmr mw 

cent ^r'o^^Vic^SSta^^^ouds is also high that of some terrestrial 
clouds is about 70 per cent. In the same way, those planets known to 
have atmospheres have high albdka^jdbpsejof Venus and Jupiter ^ 
ab^Hit /^ n p gr *^AJLajid^^f^Jr-CjaL ijgspgf iti v p lyr Not only do those bodies 
with dense atmospheres have high albedos, but the moon, with no 
appreciable atmosphere, has a low one=r-about 7 per cent only. And 
measurements of the albedo of h^cufy-sjiow that it also is 7 per cent. 

cifa^M.tb^' 



rmn 



. 

thaaohfr ^arthf both ar 

are consequently subject to 
parrl l ! an ^ ^eir identical 



wnnlH mgfy*t~thatls^ nature pllheir ,^yrjaces is 



VENUS: SOLAR DISTANCE, SIZE AND MASS 

No difficulty is to be encountered in finding Venus, provided that it is 

not too near conjunction. It is more conspicuous than Mercury be- 
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cause it is larger and nearer to the earth; it is also brighter both because 
its albedo is a higher and because at elongations it is farther from the 
sun and therefore shines from a darker sky. 

We have seen how Mercury's distance from the earth and from the 
sun, its linear size, and its mass may be determined; the methods of 
determination are the same in the case of Venus, and need not be 
again described. Suffice it to say that in many , fgjf^fitE -Y^l^ s - ,* s jgi rc 
|i]XJLbj^tnrthj anti-kit lil ..... i (\ ...... i ............ iij llum Mrrrmr; Its diameter oi 

about 7600 miles is only slightly less than that of the earth, and its 
mass is about four fifths of the earth's. Hence the value of g at the 
surface of Venus is only about 20 per cent less than that at the ter- 
restrial surface. Provided, then, that the temperatures of the two bodies 
are not of a very different order, 



VENUS: TEMPERATURE AND ATMOSPHERE 

The questions of Venus's temperature and rotation period have received 
less certain answers than those of Mercury's. Its orbit lies within the 
earth's, though farther from the sun than that of Mercury, its mean 
solar distance being 67 million miles. The orbit is almost circular 
less eccentric, in fact, than that of any other planetand this value does 
not vary by more than one million miles throughout the course of the 
planet's year. It might be expected, therefore, that its temperature is 
somewhat higher than that of the earth ttTough considerably lower 
than that of Mercury. Calculation, based upon its solar distance, would 
suggest a temperature of over 100 C., yet direct measurements record 
the very much lower figure of about 25 C. for both sunlit and dark 
sides. It is certain, however, that the relation between its temperature 
and its mass is such that it could have retained the molecules of all but 
perhaps the lightest gases. 

Every line of independent research substantiates this result. JJgnusjs 
jaJhf^o is hjflh: betweer| fr per q-ni- and 65 pp L r rqjl-. Although this is 
a little lower than the albedo of the brightest terrestrial clouds, it is 
higher than that of any known surface of rock or soil, and would 
suggest most strongly that we are not looking down on the solid sur- 
face of the planet but upon the upper layers of a dense vaporous atmos- 
phere. That this atmosphere is both dense and deep is shown by two 
furt!Rer^observations. When describing the appearance of the totally 
eclipsed moon we found that a gaseous envelope is penetrated more 
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deeply by red light than by blue; that is, by radiations of long wave- 
lengths than radiations of short. JYer photography f>f Vermc tpken in 
iufca.rr*H light, thr Tinna Inngtk af whkk awn longor thnn thnr of 

VlSlblP ed jlfljill -^PSfjtaaJala.-.-clciggliL thj 01 naif /^rl.-'* nrv^afanr*/ 1 * of the 



n p^^V .uniform ^prf falllOT IfiSfi M'^ffl 

therefore conclude that even the infra-red radiations do not penetrate 
the fog blanket to the depth of the solid surface, and that the infra-red 
photographs merely depict a lower atmosphere level than that visible 
to the naked eye. 

That it is not only dense but deep may be discovered from transit 
observations. The atmospheric halo that surrounds Venus when just 
outside the sun's limb has already been alluded to. Since the distances 
from the earth to all points on Venus's orbit are known, the measure- 
ment of the angular thickness of this halo will give us its linear thick- 
n * ss -. In rkis-""y -* ..... %r hern ntnbliiin^ nf Vrpjlj 

r: ' n OflLJacJ^M .thao n ro jz 



VENUS: SPECTROSCOPIC EVIDENCE 

All these telescopic indications of the existence of a dense atmosphere 
are confirmed by the spectroscope. Even if the atmosphere is so dense 
that no light can penetrate as deep as the planet's surface, some of it 
will penetrate for a small distance, at least, before being scattered and 
reflected; absorption bands will accordingly be present in the spectrum. 
A faint band in the infra-red region has been identified as that of 
carbon dioxide. Curiously enough, the absorptions of water are not 
found in the spectrum of Venus, despite the impenetrability of its 
atmosphere; neither are those of oxygen. It does not follow, however, 
that these gases do not occur in the atmosphere of Venus, but only 
that they do not occur in measurable quantities (about one thousandth 
of the concentration in the earth's atmosphere, in the case of oxygen) 
in the upper atmospheric regions which constitute the planet's visible 
surface. Sunlight only penetrates a comparatively short way into the 
fog blanket, and what the constitution of the lower levels may be we 
have no means of knowing. This being so, it is possible that light is 
thrown on the apparent absence of water in the atmosphere of Venus 
by the fact that nearly all the water vapor in the terrestrial atmosphere 
occurs within 7 miles of the earth's surface that is to say, in the lowest 
atmospheric levels. 
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VENUS: AXIAL ROTATION 

The fact that no surface markings are visible renders the estimation 
of the rotation period more difficult than that of Mercury. It is true 
that Venus's disk does bear some markings, but these are not of a type 
suited to the purpose of recording the period of the planet's rotation. 
They are vague, grayish areas, particularly noticeable near the termina- 
tor when Venus is in crescent phase, and are certainly atmospheric. 
Nevertheless, the older observers concluded that Venus rotates upon 
its axis in about the same period as the earth. Schiaparelli, however, 
favored a much longer period, and suggested 225 terrestrial days as the 
correct period. Tf this is so, the temperature difference between the sunlit 
and dark hemispheres must be considerable; yet bolometric measure- 
ments, although indicating a lower temperature than might be ex- 
pected, show only a negligible difference of temperature between the 
two hemispheres, indicating that the dark side does radiate a measurable 
amount of heat. This appears to eliminate the very long period favored 
by Schiaparelli, and though nothing is yet certain, it is probable that 
the planet's day is longer than several terrestrial weeks but shorter 
than one terrestrial year. 

The determination of the rotation period by means of the Doppler 
effect at opposite limbs is made difficult by the fact that when both 
limbs are visible (at superior conjunction) the angular diameter of the 
disk is too small for measurements to be made. Conversely, when the 
disk is large enough for accurate work to be undertaken, only one of 
the limbs is visible and therefore the size of the shift is reduced by 
half. Not too much weight can therefore be attached to such results 
as have been obtained, and the only conclusion that can be drawn 
from their negative character is that the rotation is not rapid, and is 
probably not completed in a period shorter than several weeks. 

VENUS : PHASES 

in an orbit nearer the sun than that of th 



g full series of phasg^^Whcn it is farthest from the earth, at superior 
conjunction, it will be fully illuminated; as it approaches and then 
reaches elongation, it will become first gibbous (i.e. of a shape inter- 
mediate between full and dichotomy) and then dichotomized; and 
as it proceeds from elongation to inferior conjunction it becomes an 
increasingly fine crescent, until at inferior conjunction it is invisible, 
having its illuminated hemisphere turned directly away from the earth. 
Now the distance separating Venus from the earth varies from about 
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26 million to 160 million miles, and this considerable difference is 
correlated with wide variations in its angular size. At superior con- 
junction the angular diameter is only n", while near inferior con- 
junction as a very fine sickle, the diameter is 64". Hence the larger the 
fraction of the whole disk that is illuminated, the smaller is its angular 
di ameter^ JEjyji^^ 
buuda^^ 

inttQJQL () At this time Venus is the most brilliant object in the sky (the 
sun and moon excepted) ; it is about fourteen times as bright as the 
brightest star, and is visible to the naked eye in broad daylight. 

MARS: OBSERVATIONAL ADVANTAGES 

Although Mars, the earth's neighbor on the side farthest from the sun, 
is smaller than Venus and never approaches as near the earth, yet we 
have a much more exact knowledge of its size and mass and of the 
physical conditions prevailing upon its surface. This is due to three 
factors in particular: the orbit of Mars lies outside that of the earth 
^vhtrrns thnt of Vtmn Ijf^within it; MaT^hajjwc^atellites; and Mars 
has a-jdear atmosphere which permits study of the actual surface pf the 
plane^Ji will be remembered, in connection with the last point, that 
the surface of Venus is hidden from us and that of Mercury is seen 
with difficulty owing to the smallness of the disk and its unfavorable 
position for observation. 

Figure 19 shows that when Venus is fully illuminated it is farthest 
from the earth and consequently subtends the smallest angle at the 
observer's eye; when it is near and comparatively large in angular 
measurement only a small fraction of the hemisphere that is turned 
toward the earth is illuminated. These circumstances represent a grave 
hindrance to telescopic study, a hindrance to which the study of the 
outer planets is not subject. It will be clear from Fig. 44 that the earth 
and Mars are nearest one another when the line joining them would, 
if produced, pass through the sun. When Mars is in such a position 
in respect of the earth it is said to be in opposition; it is then 180 
removed from the sun and culminates at midnight. It is particularly to 
be noted that, unlike an inner planet, Mars is fully illuminated when 
nearest the earth and therefore subtending the greatest possible angle 
at the observer's eye: a concourse of circumstances that greatly aids 
satisfactory observation. Mars does not, of course, exhibit a complete 
cycle of phases as the inner planets do, but when in quadrature it is 
noticeably gibbous. 
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MARS: GEOCENTRIC POSITIONS AND LINEAR SIZE 

There is another feature of Mars's orbit which is of the greatest practical 
importance and which must therefore be mentioned. The orbit is, like 
that of Mercury and unlike that of Venus, markedly eccentric. The 
planet's mean solar distance is 142 million miles, with a variation of 
some 13 million on either side. One result of this eccentricity will be 
seen from Fig. 44. If a number of radiating lines are drawn from the 
sun to the Martian orbit it will be found that the sections of these lines 
that lie between the orbits of Mars and the earth are of different lengths. 
That is, at some oppositions Mars is nearer the earth than at ot^. 




When the two bodies are in the positions m and e respectively the op- 
position distance is minimal, and the opposition will be a particularly 
favorable one for observational purposes. The distance of Mars under 
these circumstances of favorable opposition is 35 million miles 9 mil- 
lion miles farther than Venus when at inferior conjunction. At least 
favorable oppositions the distance may be as great as 63 million miles, 
while at conjunction Mars recedes to an average distance of 235 million 
miles; it then has an angular diameter of only 3" '.5, and is an incon- 
spicuous object in the morning or evening twilight. 

But at favorable oppositions its angular diameter is 25", an angle 
subtended, at a distance of 35,000,000 miles, by a linear distance of 
4200 miles. As regards size, Mars is thus intermediate between the 
earth and the moon. 
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MARS: MASS 

Mars has two satellites, and this fact allows its mass and thence its sur- 
face gravity to be calculated with much greater facility and accuracy 
than is the case of moonless planets such as Mercury or Venus. On 
page 65 the Newtonian modification of Kepler's harmonic law is 
discussed briefly. Let us call M the mass of the earth, m the mass of 
the moon, A the mean distance of the moon from the earth, and P the 
sidereal period of the moon about the earth. Now using M v ,m S) a, and 
p for the corresponding quantities for the planet and its satellite we have 

M+m, PV 



M+m p' 2 A* 

From this the mass of the planet and its satellite may be computed in 
terms of the known masses of the earth and moon and the observed 
periods and distances. In case the planet has two or more moon's, as in 
the case of Mars, the effects of their masses can be eliminated and the 
mass of the planet determined with considerabje accuracy. 

This method is not only simpler but also more accurate than that 
dependent upon perturbations, and it is found that the mass of Mars 
is ii per cent of the earth's; from this, and its known linear size, it 
follows that its surface gravity is only 38 per cent that of the earth's. 

MARS: TEMPERATURE AND ATMOSPHERE 

Mars is half as far again from the sun as the earth, and radiometric 
work has shown that its surface is correspondingly rnnW._ During ^|ic 
day the temperature in equatorial regions Dfohahlv rises to 10 CL but 
during the piyht it fallq to ^ l^ct 85 C. r? ctremcs which are con^ 
sistent with a rarefied atmosphere. Considerations of this fact and of 
the known mass of the planet show that the velocity of escape is high 
enough for Mars to have retained an atmosphere, though one of lower 
density than that of the earth. A number of independent observations 
confirm this and establish quite definitely that a Martian atmosphere 
exists. Perhaps the most striking of these proofs is that provided by 
photographs of the planet taken in infra-red and ultra-violet light by 
means of color screens. Mars as depicted in the former is similar in 
appearance to the planet as photographed with ordinary light or as 
seen with the naked eye, all features known to be surface markings 
(they will be described shortly) being shown. But the ultra-violet 
photographs show a featureless blank. Clearlv. the infra-red radiation 
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has penetrated the atmosphere to the surface and thence been reflected 
to the camera in the terrestrial observatory. But the ultra-violet radiation 
of short wave-length is scattered in the upper reaches of the atmos- 
phere, never reaching the surface; the ultra-violet photographs, in fact, 
are photographs of the planet's atmosphere. The particular significance 
of the photographs, however, lies in the fact that the images of the 
Martian disk are of different sizes in the two series, the ultra-violet 
and the infra-red: in the former they are measurably larger than in 
the latter. Obviously, then, since the former record the outer limits of 
the atmosphere and the latter the body of the planet itself, the dif- 
ference between the sizes of the two sets of images represents twice 
the thickness of the Martian atmosphere. By careful measurement of 
this difference it has been estimated that fo<* gfmnspliprp nf Mnrr if nr 
least 60 ny'les in 



The alhrf^ ^ ]yfan ifi his^*- tlinn fW f M prrTir y nr r ^ e moon. 
rh^vi^h not ff^ h ; gh m thlL^L^^ 1 al ^ 11 - T p P^ r r< nt This is not 
incompatible with the assumption that Mars has a clear and, compared 
with the terrestrial, rather rare atmosphere; that it is clear is shown, 
too, by the fact that we can see the surface of the planet through it. Three 
other corroboratory facts should be noted. When the planet is in the 
gibbous phase a distinct twilight zone is observed; furthermore, surface 
details situated near the limb are fainter than those at the center of the 
disk, and than themselves when in the latter position. This, as has 
already been pointed out, can only be accounted for on the supposition 
that there is a rarefied atmosphere overlying them and that it is the 
greater thickness of this atmosphere through which the objects near 
the limb must be viewed that causes their partial obscuration. Finally, 
clouds have been observed floating above the Martian surface, espe- 
cially near the limb where the sun is rising, and this would appear to 
put the matter beyond all doubt. 

MARS: SPECTROSCOPIC EVIDENCE 

The spectroscope, as usual, provides the final and conclusive piece of 
evidence. The bands of water vag^uJbave been identified in the Martian 
spectrum, ^...nlsr Ka fl ' ' f ^IlIliiJJ The atmosphere is nevertheless 
rare by terrestrial standards, and it has been estimated that at the 
Martian surface the concentration of these two gases cannot exceed 
about 5 per cent and 15 per cent respectively of that in the terrestrial 
atmosphere. More recent work has suggested that the latter figure 
may be too high, and that the incidence of oxygen is nearer o.i per cent 
of the earth's. 
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It is worthy of note, in passing, that the spectra of Mercury, Venus, 
and Mars are in complete contrast with one another: that of Mercury 
lacks all trace of atmospheric absorptions, that of Venus contains bands 
due to carbon dioxide but none of oxygen or water vapor, while that 
of Mars has unmistakable absorptions due to these two gases. 

MARS: SURFACE FEATURES 

A glance at Mars with quite a small telescope, when the planet is in 
favorable opposition, will reveal that the general color of the surface 
is orange and that a number of greenish markings are superimposed 
upon it. The old astronomers called these blue-green areas maria, or 
seas, and the name has persisted although it is now understood that 
they are not areas of water; for one thing, the sun is never reflected in 
them as it would be if they were liquid surfaces. In 1719 were seen for 
the first time the features to which the name polar caps was given. 
Mars rotates upon its axis in about 24% hours, and at each pole of this 
axis is situated an approximately circular white patch. The color and 
position of these patches suggested the obvious conclusion that they 
were composed of snow and ice, and were in every way analogous 
with our terrestrial polar icefields. 

MARS: SEASONAL CHANCES 

This guess was elevated from the realm of supposition when their 
changes of appearance were worked out in detail. Mars's axis of rota- 
tion is, like the earth's, inclined to the plane of its orbit,* and it is the 
varying position of this axis relative to the sun, as the planet moves 
round its orbit, that causes the change of seasons: when the northern 
hemisphere is inclined inward toward the center of the orbit it is 
summer in the northern hemisphere and winter in the southern, and 
vice versa. When the northern half of the axis is just beginning to 
tilt over toward the sun when midwinter has just passed in the 
northern hemisphere it will be noticed that two changes occur: the 
northern polar cap begins to shrink, while the southern, which has 
been small during the past summer, begins to grow larger. As the 
northern, 'summer' cap continues to shrink it is often seen to be sur- 
rounded by a dark band. For some time this band increases in width, 
its outer edge remaining approximately stationary while its inner edge 
remains contiguous with the retreating cap. At the same time the tint 
*That is, to a Martian (as to a terrestrial) observer, the ecliptic is inclined to 
the celestial equator. 
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of the greenish areas of the northern hemisphere begins to deepen, the 
darkening being first noticed in the vicinity of the cap itself and thence 
spreading south toward the equator. 

The generally accepted explanation of these annual changes is that 
with the coming of summer and the gradual rising of the temperature 
in the summer hemisphere, the polar cap begins to melt. The ap- 
pearance of the dark band surrounding the diminishing cap would 
seem to indicate the existence of a temporary sea; on account of the 
prevailing low atmospheric pressure, however, it is unlikely that water 
in the liquid state could exist the snow evaporating straight into water 
vapor without passing through the liquid stage. However this may be, 
the released water vapor disseminates throughout the atmosphere of 
the whole hemisphere, traveling southward. The darkening of the 
green areas is regarded as the germination and proliferation of some 
form of plant life under the stimulus of increased temperature and the 
liberated moisture. The polar caps provide another proof of the ex- 
istence of a Martian atmosphere, for their changes are only explicable 
on the assumption of the alternate evaporation and precipitation of 
water into and from an overlying atmosphere. The conjecture, to be 
found in old textbooks of descriptive astronomy, that the caps may 
consist of solid carbon dioxide as now known to have been unfounded, 
since the temperature may be higher than the vaporizing point of this 
g as ( go C.) while the deposit is still in the ground. 

MARS : THE 'CANALS' 

At the favorable opposition of Mars which occurred in 1877 Schiaparelli 
announced the discovery of a new type of Martian surface feature, to 
which he gave the name canali. These appeared to him as faint dusky 
streaks, more or less straight, which traversed the orange areas of the 
planet's disk. The Italian word candle connotes 'channel' rather than 
'canal,' and it is therefore unfortunate that the English-speaking world 
accepted the translation 'canal,' which the Concise Oxford Dictionary 
defines as 'an artificial watercourse for inland navigation'; no idea of 
artificiality is associated with the Italian candle. It is probably this cir- 
cumstance, more than any other, that has convinced the popular mind 
of the existence of 'Martians,' for which there is no direct evidence 
whatsoever. 

Two years later Schiaparelli confirmed his original observations. At 
neither of these oppositions was any other observer able to see the canali 
and, until the first independent observation was made in 1888, con- 
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troversy raged in scientific circles regarding their objective reality. In 
1893 Percival Lowell established an observatory in Flagstaff, Arizona, 
for the purpose of studying the surface features of Mars and also study- 
ing other planetary characteristics. Dr. Lowell was convinced of the 
reality of the canals on Mars and that they had been constructed by 
inhabitants of the planet for the purpose of irrigation. Many observers 
were able to see the canals, and maps of the surface of the planet, drawn 
by independent observers, agreed in their essential features. An equally 
well qualified group of observers was never able to see the canals, and 
controversy lasted throughout the early part of the present century. 
From the earliest days of their observation the canals have presented 
themselves to different observers in two main guises: as fine, straight, 
well-defined lines that might have been ruled across the planet's 
image with a sharp-pointed pencil; and as much thicker, blurred mark- 
ings which lack both the definition and the geometrical appearance of 
the others. 

Schiaparelli's original papers, together with the conventionalized 
method of drawing the Martian markings adopted by some American 
observers, undoubtedly exercised a potent influence at the time upon 
Martian observers generally : the danger of seeing what one expects to 
see (especially when the object is near the limit of vision) is very real. 
It is only in more recent years that the extreme linearity of the early 
observations of the canali has given way to the leopard-skin* conception 
of their true appearance. Briefly, what were seen and drawn by Schia- 
parelli, Lowell, and others as fine, geometrical lines are now recognized 
to be more truly represented as the demarcations of darker and lighter 
areas, or as series of more or less discontinuous markings. But to say 
that the canali, as originally described, were largely an optical illusion 
is far from saying that markings, which may have been misrepresented 
as linear canali, have no objective reality. Until photographs are taken 
with telescopes of large aperture and high resolving power, such as the 
new 200-inch, under excellent conditions of seeing, it seems futile to 
spend time debating the characteristics and purposes of surface features 
so close to the limit of modern telescopic equipment and visual observa- 
tion alone. 

MARS: SATELLITES 

Mars has two satellites, discovered in 1877 at the same opposition that 

yielded the canali to Schiaparelli's sharp eyes. Their small linear size* 

^Observations of their apparent brightness, combined with the assumption that 

their albedo is similar to that of Mars, suggest diameters of some ro and 5 miles. 
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combined with their nearness to Mars itself renders them extremely 
difficult to observe, and accounts for their relatively recent discovery; 
while their outre behavior qualifies them for the title of most interesting 
and peculiar satellites in the solar system. Phobos is only 3,725 miles 
from the Martian surface, and since its orbit lies very close to the 
equatorial plane of the planet it never clears the horizon to latitudes 
above 70. It revolves about its primary in yh. 39m.; that is to say, the 
Martian month as determined by Phobos is only about one third as 
long as the day. Consequently, to an observer on the planet's surface 
it would appear to rise in the west and set in the east, passing from 
the new to the full phase in about four hours. Deimos, the second 
satellite, revolves at a distance of about 12,500 miles from the Martian 
surface in a period of 3oh. 2im. This is so very slightly longer than 
the Martian day that it remains above the horizon for three clays, during 
which time it passes through all its phases twice over. 

BODE'S LAW 

It was pointed out by Titius of Wittenberg as long ago as the eight- 
eenth century that the Hisfflnrpg nf the planrt-g from trip snn stflndJn 
a cupous mathematical rplaHnnship to one another. This relationship 
is usually expressed in the form known as Bode's law. The terms of 
the series 

012 4 8 16 . . . 

are each multiplied by 3, giving 

o 3 6 12 24 48 ... 

If 4 is then added to each term, a fairly close correspondence is obtained 
between the terms of the series and the relative solar distances of the 
planets, taking that of the earth as 10: 

28 
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In the first place it is to be noticed that the correspondence deteriorates 
progressively in the case of the four outermost planets of the solar 
system. Secondly, there is no known planet occupying the gap which 
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Bode's series reveals between Mars and Jupiter at a distance from the 
sun equal to 2.8 times that of the earth. 



THE ASTEROIDS 



What can be the meaning of this gap? Its existence had been noted 
by Kepler, who suggested that it might be occupied by the orbit of a 
planet which was too small to be perceived. In 1800 von Zach cal- 
culated the orbit of this hypothetical planet and organized a band of 
twenty-four astronomers to undertake a systematic search of the zodiac 
in the hope of detecting it. Early in the following year Piazzi discovered 
a previously unknown planetary object, subsequently christened Ceres, 
and Gauss calculated its orbit and showed that it did indeed occupy 
Bode's gap. In quick succession, however, three more faint planets 
were discovered and named Pallas, Vesta, and Juno. This unexpected 
result of the work of the 'Celestial Police' suggested that the planet 
that originally occupied rlv J\|iin TlirJlTrilpp '-^ have disintegrated 
into a number of fragments, of which Ceres, Pallas, Vesta, and Juno 
were the first four to be discovered. Nowadays, however, it is not con- 
ceived that the disruption of a single planet affords a likely explanation 
of the origin of the asteroids. It has been found that these bodies 
revolve about the sun in widely dissimilar orbits both as regards 
eccentricity and inclination to the plane of the ecliptic: this does not 
suggest a common point of origin. In the second place there is no 
known reason why an already formed planet should disrupt in this 
fashion. What does appear more probable is that the asteroids represent 
material which has never condensed to form a single planetary body. 
The whole question is still wide open to conjecture, however. 

The discovery of new asteroids proceeded apace from the early years 
of last century, and by the time that Wolf introduced the camera as 
an asteroid-hunting instrument in 1891 some 300 had been discovered. 
Wolfs technique accelerated the rate of discovery considerably, and 
today over 2000 are known, a small percentage of which are probably 
duplicated discoveries. 

What the total number of asteroids is cannot possibly be laid down 
with any precision, although one calculation has suggested 50,000 as a 
possible rough figure. On the other hand, it is known that their aggre- 
gate mass cannot exceed about i per cent of the earth's, for if it did 
they would cause perceptible irregularities in the motion of Mars, 
whereas no such perturbations occur. 

The asteroids are all small bodies, a fact which accounts for their 
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having escaped discovery until less than 150 years ago. Only one, Vesta, 
is visible to the naked eye, and even it is very near the limit of naked- 
eye visibility. Some of the larger present measurable disk in large 
instruments, and Ceres, the largest, is known to have a diameter of 
about 480 miles. There is probably a continuous decrease in size from 
this figure, the smallest asteroids being indistinguishable from the 
largest meteors. None of the asteroids is sufficiently massive to have 
retained any trace of atmosphere, and they may be envisaged as com- 
pletely barren lumps of rock, without air, water, or life in any form; 
probably the smaller ones are not spherical, like the major planets, but 
irregular in shape. This conjecture is borne out by the fact that the 
brightness of many of them varies in a regular manner which is sug- 
gestive of the axial rotation of asymmetrical and therefore unevenly 
reflective bodies. 

Thejwidth of the zone orrnpie^ by the 



matery bv tl|e "rbits of Mars and Tumter. is four times as jrreat as thf 
distance from, the e^rtfo t^> fofi fiy n -Within this zone lie the orbits oi 
the asteroids. But, as has already been mentioned, these are typically 
eccentric to a degree more reminiscent of cometary than planetary 
orbits. The eccentricity of some is so great that part of the orbit may 
lie beyond that of Jupiter or within that of Mars, the earth, or even 
of Venus. At the same time many of the orbits are steeply inclined 
to the plane of the ecliptic, the orbital inclination of Pallas being as 
great as 35. They are thus not confined to the zodiac, as are all the 
major planets (except Pluto), the sun, and the moon. 

In 1898 the asteroid Eros was discovered. A faint object, only about 
17 miles in diameter, it was nevertheless of very great interest because 
at the time of discovery and for many years afterwards it was the 
nearest known planetary body to the earth, its minimum distance being 
14 million miles. In 1932 Eros was dispossessed of this title by the 
discovery of an even smaller asteroid, Apollo, not more than a mile in 
diameter. Since that date the asteroids Adonis and Hermes have been 
discovered, both of which approach the earth even more closely than 
Apollo. Hermes, discovered in 1937, is at times less than one million 
miles from the earth; with a telescope, its movement against the starry 
background can actually be seen from moment to moment. 

JUPITER: SOLAR DISTANCE AND LINEAR DIMENSIONS 

The next planet outside Mars and the asteroid zone is Jupiter, the first 
of the so-called 'giant' planets. In almost every respect it is strikingly 
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different from the planets we have already described, all of which in 
greater or small degree resemble the earth. 

Jupiter's mean solar distance is 483 million miles, but owing to the 
eccentricity of its orbit it may be 23 million miles nearer or more distant 
than this. Its distance from the earth consequently varies from 367 
million miles at the most favorable oppositions to nearly 600 million 
miles at conjunction. Yet at favorable oppositions, despite the great 
gap of nearly 370 million miles that separates Jupiter from the terres- 
trial observer, its angular diameter is 50". Its corresponding mean 
diameter must be nearly 86,700 miles; that of the earth, it will be 
remembered, is less than 8000. The volume o,f Ipp^ ig th^rffnr^ 1300 
ti m PC f^^f Q|- fhf* pnrfh 

JUPITER: MASS AND DENSITY 

Its mass can be determined with greater accuracy than that of any 
other planet, for not only has it eleven satellites, each of which allows a 
different and independent estimation to be made, but it is sufficiently 
massive and sufficiently far from the sun to cause easily measurable 
perturbations of Saturn. It has been found that the mass of Jupiter is 
318 times that of the earth, or more than that of all the other eight 
planets together. 

Enormous though this value is, it is not as great as one would expect 
from an inspection of the figure representing its volume. For since its 
volume is 1300 times that of the earth and its mass 318 times that of 
the earth, its density can only be one quarter of the earth's. The possible 
explanation of this surprisingly low density will be discussed later. 

JUPITER: TELESCOPIC APPEARANCE, FORM, AND AXIAL ROTATION 

Owing to the large size of its disk, the smallest telescopes will show 
the more obvious features of the Jovian system. Three in particular 
will be noticed at first glnn^* Jnpirtr if 



very r.onsidr.ahfy ^ ^hf pn1r c . k"^* 1 ^ a corresponding amount in 
equatorial regions; its disk is crossed, parallel to the equator, by a 
number of belts, alternately dark and light; four of its satellites move 
back and forth in the plane of the belts.* 

The degree of Jupiter's polar flattening is greater than that of any 
other planet in the solar system with the exception of Saturn, and 
careful measurements of the angular subtention of its polar and equa- 
torial cliameteres have shown that there is a difference of nearly 6000 

*The remainder of the satellites are not visible in small instruments. 
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miles between them. The polar diameter is 82,800 miles in length 
while that of the equatorial is 88,700 miles. It is known from laboratory 
experiments on the constitution and behavior of matter, and from 
mathematical deductions based upon such experiments, that when a 
non-rigid body rotates it will bulge equatorially, the polar regions being 
drawn down toward the equator. Up to a certain point the amount of 
the distortion from the spherical is proportional to the velocity of the 
rotation. The telescopic appearance of Jupiter would therefore lead 
one to expect a somewhat rapid axial rotation. When this is measured 
it is found that the expectation is justified. The belts and zones that 
stripe the Jovian disk contain many irregularities and individual fea- 
tures, any one of which may be used to determine the rotation period. 
If the reader were to observe an equatorial spot as centrally placed 
upon the disk at, say, 6 p.m. one evening, he would find that it is back 
again on the central meridian at ten minutes to four o'clock the follow- 
ing morning. But if he decided to check this determination by making 
a number of different observations and then taking the mean of the 
different values obtained, he would find himself in difficulties. Suppose 
that for his second estimation he chose a spot in high latitudes and, as 
before, observed it to be on the central meridian at 6 p.m. Then the 
next morning it would return to the center of the disk at five minutes 
to four. This discrepancy of five minutes in the two observations is 
much too large to be accounted for on the grounds of observational 
error, and he would quickly discover that the rotation period is actually 
different in different latitudes. Jupiter (or at any rate the visible portion 
of Jupiter) does not rotate as a solid body. The equatorial regions 
rotate once in about 9h. 50171., whereas the period in high latitude is 
about five minutes longer. Two points are to be noted in 



the rotation is, as we expected ^t-rpmely rapid- it imparts to an equa- 
torial object a speed of nearly 22*000 miles, per ...hourly nd^olhe s 
place (as we shall see),"we"TTave here a r^^kshlp analogy bet 



JUPITER: SURFACE FEATURES 

The second conspicuous feature of Jupiter as seen in a small telescope 
is the system of _ belts and zones with which its disk is crossed. These lie 
parallel to one another and to the equator, and since the axis of rotation 
is very nearly perpendicular to the plane of the orbit, while at the same 
time the orbits of Jupiter and the earth are only inclined to each other 
at a small angle, their edges appear as straight and not as curved lines. 
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In the same way a spot or other marking traces out a straight path 
across the planet's disk, and not the curved one it would pursue if the 
axis were inclined appreciably toward or away from the earth. 

Though the minor detail of the belts is constantly changing, the 
larger divisions themselves remain tolerably stable, and changes in the 
relative positions, sizes, or general depth of color of the belts usually 
require several months at least for their consummation if a large area 
of the surface is involved. A telescope of quite moderate aperture shows 
that change of a minor order is going on the whole time. If the ap- 
pearance of the disk is carefully recorded, preferably by drawing, and 
then re-observed about nineteen hours later, it will be seen that the 
finer detail of the belts, invisible in small instruments, is teeming with 
differences of shape, position, size, and, to a lesser degree, color. The 
equatorial region is in a particularly unstable state, and it is there that 
the most widespread and rapid changes in the configuration of the 
markings occur. Toward the poles the visible surface appears to be in 
a more stable condition and the belts much less susceptible to dis- 
turbance. 

After the bright and dark belt-zone system the most important 
markings are the spots. These may be either dark or light and are 
sometimes very short-lived, though they normally persist for several 
months. New spots are being formed and old ones dying out con- 
tinuously. Further alterations in the appearance of the markings are 
provided by the fact that the spots may have rotation periods slightly 
different from those of the substrata in which they lie. It is a sig- 
nificant fact and establishes another similarity between the sun and 
Jupiter, that the most rapid and frequent changes connected with the 
spots occur in two zones, in low latitudes on either side of the equator. 

One other feature of the Jovian surface must be mentioned, for its 
size and semi-permanence place it in a class by itself. In 1878 a peculiar, 
oval-shaped marking was noticed in the south-temperate latitudes. It 
was pale pinkish in color and of abnormal size. The color darkened 
and the size increased until the spot was a great, dark-red patch, measur- 
ing about 30,000 miles by 7000. After being the most conspicuous object 
on the Jovian surface for a period of nearly thirty years it began to fade; 
in 1919 this fading accelerated, and by 1922 the Great Red Spot, as it 
had been named when in its prime, was only just visible. It experi- 
enced a slight and temporary revival in 1927 but is now rather incon- 
spicuous. The cause of this gigantic and prolonged disturbance of the 
visible surface has been the subject of endless controversy from which 
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no acceptable conclusions have yet emerged. Like the smaller and more 
ephemeral spots, its position relative to the substratum was not fixed 
i.e. its rotation period was not the same as that of other objects in the 
same latitude. Furthermore, its velocity of rotation was not uniform, 
but fluctuated in a regular and cyclic manner. The significance and 
cause of this fluctuation are not known. 

JUPITER: ATMOSPHERE 

It will be clear from this short account of the appearance and behavior 
of the visible surface of Jupiter that we are not looking at the planet's 
solid surface but upon the upper reaches of a dense atmosphere. In no 
other way can the continuous and, terrestrially speaking, gigantic and 
cataclysmic upheavals, together with the dependence of rotational 
velocity upon latitude, be explained. Again, we can hardly suppose 
that a surface bearing so many points of similarity with that of the 
sun can be solid; the state of constant turmoil, the birth and decay of 
spots, often extremely rapid, the more rapid equatorial than polar 
rotation, the restriction of greatest activity to two zones situated be- 
tween the equator and each pole, are all characteristics shared by the 
two bodies, and their significance cannot be ignored. The high albedo 
(about 45 per cent) suggests that same conclusion, while the spectro- 
scope knits all these loose strands together, as it were, to form a rigid 
demonstration that the visible portions of Jupiter are gaseous. 

JUPITER: SPECTROSCOPIC EVIDENCE 

The spectra of the outer planets, unlike those of the inner, are all of 
a type, certain characteristics growing merely more pronounced as we 
move outward from Jupiter toward Pluto. The spectrum of Jupiter 
consists of a continuous background due to reflected solar radiations, 
and in addition a number of strong and broad absorptions; these occur 
particularly in longer wave-lengths, the infra-red region being almost 
completely absorbed. The strength of the bands indicates that the 
atmosphere is dense, and their identification as the absorptions of 
ammonia and methane is now complete; the former is estimated to 
occur in quantities equivalent to a layer of 30 feet thick at atmospheric 
pressure. Even if the other physical conditions were favorable to life 
in any form resembling the terrestrial, such an atmosphere would 
preclude the possibility of its occurrence on Jupiter: for neat smelling- 
salts and marsh gas would be as lethal as cyanic acid. 
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JUPITER: INTERNAL STRUCTURE 
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not only dense, but extremely deep.. For the abnormally low density oi 
tne planet entails one of two alternatives: either the material of which 
it is composed is in some fundamental way different from that of the 
earth and of the other planets we have described, or else the solid body 
of Jupiter is small compared with the whole visible sphere; that is to 
say, the atmosphere accounts for a considerable fraction of the observed 
diameter. Since the planets are generally believed to be formed of solar 
material torn from the sun by the gravitational drag of a passing star 
in some remote epoch, it is believed that the densities of the solid 
planetary spheroids are not widely divergent (a belief supported by 
observation wherever this is possible), and consequently the latter 
alternative is favored. 

It is on such considerations as these that the modern views regard- 
ing the physical nature of Jupiter are based. Though it was at one time 
widely believed that Jupiter might be entirely gaseous, it is now sup- 
posed that it consists of a small solid core* surrounded by a dense and 
exceedingly deep atmosphere. Jeffreys, from his mathematical studies 
of the densities, sizes, ellipticities, and temperatures of Jupiter and 
Saturn, concludes that the former probably consists of a small rocky 
core surrounded by a thick layer of ice, the whole enclosed by an 
atmosphere whose depth is about 9 per cent of the planet's radius. 
This atmosphere is probably chiefly composed of such gases as 
hydrogen, helium, nitrogen, oxygen, and methane and carries par- 
ticulate clouds of some substance such as solid carbon dioxide, which 
occurs in our own atmosphere in the gaseous state. 

JUPITER: TEMPERATURE 

Jupiter's solar parallels, its probably largely gaseous constitution, and 
its great size led astronomers to suppose that it might have retained 
some heat of its own, that the core might still be molten or at least 
hot. But recent radiometric work has shown that its surface tempera- 
ture is very low, certainly between 100 C. and 200 C., and prob- 
ably not far off 140 C. This is the temperature that a body with no 
heat reserves would assume if placed at a distance from the sun equal 
to that of Tuniter Tn r>tJ^pLAMriilg- r -JjLinitf i 'r rnMinf^g .ftQ. .ijT^rirp ...|ii^^|' fhan i" 
receives from \\\^. sun. These measurements also dispose of any idea 
that the cloud belts may consist of water vapor. 
*Small, that is, relative to the visible atmospheric sphere. 
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JUPITER: SATELLITES 

The last readily noticeable feature was the system of four satellites. 
On account of their high albedo and large linear size these are bright 
objects, and were it not for the proximity of the much more brilliant 
Jupiter they would be visible to the naked eye. Indeed, some observers 
possessed of abnormally acute long sight have claimed so to have seen 
them when at elongation. In the experience of the author, however, 
and probably in that of the majority of observers, field glasses will be 
required to show them. Two are slightly smaller than the moon, and 
two are larger than Mercury; with the doubtful exception of the satellite 
of Neptune, no other satellite in the solar system approaches them in 
, size. Their orbits lie close to the equatorial plane of Jupiter, so that 
they appear to swing back and forth in front of and behind its disk. 
Their revolution periods vary from about one and three quarter days 
to just under seventeen days, and the outermost is rather more than 
one million miles from the planet. Since they were first seen by Galileo 
in 1610, seven more have been added with the increasing perfection of 
the telescope and the addition of the camera to the astronomer's equip- 
ment. These are all small bodies, and consequently, on account of their 
distance, very faint. The outermost moves in an orbit whose radius is 
15 million miles and completes one revolution in about two terrestrial 
years; thus Jupiter has eleven different months, ranging in length 
from less than one terrestrial day to over two terrestrial years. 

The three outermost satellites (XL, VIII., and IX.) exhibit the inter- 
esting phenomenon of retrograde motion. All of the planets in the solar 
system revolve about the sun in the same direction; the majority of 
the satellites likewise revolve about their planets in this same direction. 
Only a few of the satellites of the outer planets have motion in the 
opposite direction, or retrograde motion; those found to date being 
Jupiter XL, VIII., and IX., Saturn IX., Uranus L, IL, III., and IV., and 
the only known satellite of Neptune. 

Figure 45 (not to scale) shows the relative positions of the earth, the 
sun, Jupiter, and one of its satellites. It will be seen that a number of 
different things can happen to the satellite, as seen from the earth, 
during the course of its revolution about Jupiter. We shall assume that 
the satellite is moving in a counter-clockwise direction; when it reaches 
position 2 it will be directly between the earth <? t and the limb of Jupiter. 
Moving to position 3 it will be seen to cross the planet's disk (it will 
be remembered that the planes of the orbits lie near the equatorial plane 
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of the planet) and pass off it when it reaches 3. Between 2 and 3, that 
is, it will have been in transit. Just before it passes out of transit at 
position 3 its shadow will fall upon Jupiter's limb; as the satellite 
moves toward position 6 the shadow will cross the disk and leave it 
when the satellite actually reaches 6.* Continuing around its orbit, it 




Figure 45. 



comes to position 4, when it passes behind Jupiter, i.e. is occulted. But 
before it can pass out of occultation at 5 it has entered the planet's 
shadow and is therefore eclipsed, not passing out of eclipse and becom- 
ing visible once more until it has reached position i. Like the relative 
positions of the transiting satellite and its shadow, the order of occur- 
rence of eclipses and occultations is clearly dependent upon the relative 
positions of Jupiter and the earth. At opposition (to take the simplest 
case) there can be no observable eclipses of the satellites, since Jupiter's 
shadow falls directly behind it, as seen from the direction of the earth. 

*The relative positions of the satellite and its shadow against the planet's disk 
are obviously determined by the relative positions of Jupiter and the earth. At 
opposition, for instance, when the earth is at e, the shadow will be invisible, since 
directly behind the satellite. 
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DISCOVERY OF THE FINITE VELOCITY OF LIGHT 

It has already been mentioned parenthetically that light is propagated 
with a velocity of approximately 186,000 miles per second. Though this 
value may now be derived with greater accuracy experimentally, it was 
first determined (and the finite velocity of light established) by the 
Danish astronomer, Ole Romer, as the result of observations of the 
eclipses of Jupiter's satellites. He found that predictions of the times 
at which eclipses would occur were marked by a curious rhythmic 
inaccuracy. Also that^ihe-txtent of the - 



dicted anH'lhlToBserved could be correlated with the relative positions 
of Jupiter and the earth in their respective orbits, and specifically with 
their distances apart. When the planet was in opposition the eclipses 
would occur as predicted; as the earth moved away from Jupiter toward 
the other side of the sun their unpunctuality would increase; the maxi- 
mum value of this lag -sixtem-and a half- miiYuTes would be attained 
at conjunction. Thenceforward, as the distance between Jupiter and 
the earth decreased once more, so would the difference between the 
predicted and the observed. Romer therefore made the brilliantly 
original suggestion that the extra sixteen and a half minutes was re 
quired by the solar light, reflected from the Jovian system to the earth 
to travel the extra_ distance AB in Fig. 17. That ivJighttravels the 
diameter oFtHe earthV -offcf '5l^^g^51'2JQLd!>Jaalf mimatesTTo'~acco'rri- 
plish this itHtBst4rartra~~^ of 186,000 miles 

per sejjpjidr - ~ "" "" - 

There is another point of historical interest about the Jovian satellite 
system. This system is a miniature replica of the solar system : Jupiter 
taking the place of the sun, and its satellites the place of the planets. 
Galileo's telescopic observation of the Jovian system was for this reason 
of particular importance as a factor in the astronomical renaissance 
and the supersession of the Ptolemaic by the heliocentric hypothesis. 

SATURN: SOLAR DISTANCE AND LINEAR DIMENSIONS 

Saturn is in many respects similar to Jupiter and, in so far as this is 
so, unlike the 'terrestrial' planets but in one respect, to be discussed 
later, it is to be sharply differentiated not only from Jupiter but from 
all the other members of the solar system. 

Its mean solar distance is 886 million miles, and its distance from 
the earth consequently varies from 793 million miles to nearly 1000 
million. Its angular diameter of 20" at the former distance corresponds 
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with a linear diameter of about 75,000 miles. It is thus slightly smaller 
than Jupiter, although its polar flattening is more pronounced, the 
polar diameter being only 67,000 miles. We should consequently expect 
to find that its axial rotation is more rapid than that of Jupiter. 

SATURN: SURFACE FEATURES AND AXIAL ROTATION 

Saturn's disk bears indistinct equatorial bands, very much fainter than 
those of Jupiter, and also occasional white spots. The faintness of 
Saturn's surface markings as compared with those of Jupiter cannot 
entirely be accounted for on the grounds of Saturn's greater distance, 
not only from the observer but also from the sun; they are intrinsically 
less boldly marked than Jupiter's. The observation of spots has allowed 
the rotation period to be measured, however, and it has been found to 
be ten and a quarter hours in equatorial regions. Owing to the rare 
occurrence of spots, particularly outside the equatorial zone, it has not 
been easy to determine accurately the rotation period in high latitudes. 
Such data as are available indicate that Saturn rotates more slowly 
near the poles than at the equator. 

SATURN: INTERNAL STRUCTURE 

Saturn thus rotates more slowly than Tupiter* despite its greater polar 
compression. This is somewhat puzzling, but it may indicate that tne 
atmosphere of Saturn is deeper in proportion to the size of the planet 
than that of Jupiter : Jeffreys gives the depths of the atmospheric shells 
of Jupiter and Saturn as, respectively, 9 per cent and 23 per cent of their 
radii. This supposition does not conflict with the results of other lines 
of inquiry which will be mentioned later. 

SATURN: MASS AND DENSITY 

Light has been thrown on the problem of the size of the solid core of 
Saturn, as compared with that of the observed oblate spheroid, by a 
consideration of the properties dependent upon its mass. Fortunately, 
Saturn has a large family of satellites nine certainly, and perhaps ten 
so that its mass can be determined with accuracy. It has been found 
to be 95 times that of the earth. Since the volume of the visible spheroid 
(an uncertain proportion of which is atmosphere) is 735 times that of 
the earth, its density is even lower than that of Jupiter: less than one 

*We have seen that the rotation of Jupiter would impart a velocity of some 
27,000 m.p.h. to an object on its equator. The corresponding velocity in the case of 
Saturn is only about 22,000 m.p.h. 
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fifth of the earth's. Such a density has been likened to that of a lightly 
packed snowball. This again suggests that the core is smaller, relative to 
the size of the visible body, than that of Jupiter. Furthermore, mathe- 
matical investigation of the motions of the satellites suggests that the 
visible globe is strongly condensed centrally. It is interesting to note 
that of all the planets, Saturn is the only one which, were it placed in 
an ocean of cosmic dimensions, would float. 

SATURN: SPECTROSCOPIC EVIDENCE AND ALBEDO 

Moving progressively farther from the sun, we encounter also a progres- 
sive change in planetary spectra. The bands occurring in the spectrum 
of Jupiter occur also in those of the more distant planets, but their 
intensity increases continuously with increasing solar distance; a few 
new absorptions are also added. This suggests dense atmospheres and, 
as is known to be the case, decreasing temperature. 

45 per cent), its Jupiter-like system of 



parallel belts, and the evidence of the spectroscope, all indicate that the 
visible surface is certainly gaseous. The extent of this atmosphere is, 
like the size of the solid core, a still unsolved problem. 



SATURN: TEMPERATURE 



In general, then, we may say that so far as is at present known the 
physical conditions prevailing upon Saturn are similar to those of 
Jupiter, only more so. This similarity extends to the planet's tempera- 
ture. Radiometric measurements indicate a temperature certainly as 

low as ioo c nnri prntr k1 y qg low m. 1* c - hnr no lnwcr - That 

this is somewhat higher than the figure obtained by calculation on the 
basis that Saturn has no source of heat other than the sun must be 
attributed to the uncertainty attaching to all such measurements. It is 
tolerably certain (and the temperature of Jupiter, which is not only a 
more massive and therefore more slowly cooling body, but is also half 
as near the sun as Saturn, confirms this) that any heat which Saturn 
may once have possessed has now been dissipated. 

SATURN: RING SYSTEM 

But the feature that differentiates Saturn from all the other planets 
and sets it in a class by itself is its unique ring system, well illustrated 
in Plate x. It consists nf ^ flqf ring. rry thin rnmpirtd ^virh itT breadth 
and diameter, lying in the plane of the planet's equator and separated 
from it by a wide gulf. This flat expanse is composed of two con- 
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centric and closely adjacent rings, separated by a narrow rift which 
was discovered by Cassini in the second half of the seventeenth century 
and which bears his name. Under favorable observing conditions it is 
visible in quite small instruments as a fine black line running round 
the whole expanse of the ring. That it is a real fissure in the surface 
of the ring and not merely a surface marking is shown by the fact that 
it is visible on both sides of the ring; furthermore, when it happens 
that the ring system occults a star it can be seen shining through 
Cassini's division with undiminished brightness. In the nineteenth 
century Encke saw a very faint marking on the surface of the outer 
ring, A, and concluded that it was another and smaller division. Owing 
to its faintness, however, it is believed that it may be a thinning out 
of the material of the ring rather than an actual gap; it is nevertheless 
known as Encke's division. But the nineteenth century did add a third 
ring to Saturn's system, though not by the subdivision of one of the 
already known rings. The Crepe Ring, or ring C, is a faint and semi- 
transparent extension of ring B inward toward the planet. It requires 
fairly large apertures for its observation on account of the fact that it 
is of such diaphanous texture, the planet being clearly visible through it. 
The total width of the ring system from the outer edge of A to the 
inner edge of C is more than 40,000 miles. This can be determined by 
direct micrometrical measurement when the linear distance of Saturn 
from the earth is known. In order to make even approximate estimates 
of the rings' thickness and mass, other methods than direct measure- 
ment have to be employed. Unlike the equator of Jupiter, that of 
Saturn is inclined at a considerable angle (27) to the plane of the 
orbit. Hence, as demonstrated in Fig. 46, the plane of the rings will 




C 

Figure 46. When Saturn is at A or C the rings are presented edge on to the 
earth. When at D the southern, and when at B the northern, side of the rings is 

visible from the earth. 
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pass through the earth twice in each complete revolution of Saturn 
about the sun; that is, in a period of about thirty years. At these times 
the rings will be viewed edge-on, and when this happens they disappear 
completely for several days; at most they are only just visible for a 
short distance on either side of the planet. This observation provides 
us with an upper limit for the thickness, for, if they were more than 
some ten to fifteen miles thick they would be visible from the earth 
when in the edge-on position. Compared with their breadth, there- 
fore, their thickness is negligible: 10 miles as against 40,000, or less 
than 0.03 per cent. It may, of course, be very much less than this; all we 
can say is that it certainly is not more. The determination of the mass 
of the ring system is entirely mathematical and consists in the cal- 
culation of the maximum mass they could have without their gravi- 
tational pull affecting to a noticeable extent the motions of the satellites, 
for no such perturbations are to be observed. Here, too, we can do no 
more than assign an upper limit, greater than which their mass cannot 
be. The value obtained is one twenty-seven-thousandth that of the 
body of Saturn; this is equivalent to about 0.003 times the mass of 
the earth. 

The nature of these gigantic and unique rings engaged the specula- 
tions of astronomers from the earliest days of telescopic observation. 
Nothing definite was established until Laplace, the French astronomer 
and mathematician, demonstrated mathematically that they could not 
be solid that is, continuous planes like concentric rings of cardboard. 
He showed that such a structure would be unstable and that the gravita- 
tional pull of Saturn would disrupt it into a large number of fragments. 
Though this was only negative information, it was nevertheless a 
great advance, and paved the way for the further elucidation of the 
problem by Clerk Maxwell. Maxwell proved that not only could the 
rings not be continuous, but that they must be composed of innumer- 
able discrete particles, each of which revolves about Saturn in its own 
orbit and may be regarded as a small, individual satellite. 

The Doppler shift has been utilized to prove observationally the 
truth of Clerk Maxwell's theoretical account of the structure of the 
rings. The two possible explanations in so far as Maxwell's allowed 
of any alternative were that (i) each ring is a solid structure, or that 
(ii) it consists of a large number of individual particles, each revolving 
about the planet. If (i) represents the true picture of the ring, it is 
clear that the outer edge will revolve with a greater linear velocity 
than the inner, since it has farther to travel and the same time to do 
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it in. But if the ring is composed of separate particles, each will move 
in accordance with the laws of Kepler. That is, the nearer a particle 
is to the planet, the higher will be its linear velocity. Thus the rela- 
tive velocities of the inner and outer edges of the ring system will be 
the touchstone by which the rival hypotheses may be put to the test. 
These velocities can be measured by the amounts of the Doppler shifts 
of the Fraunhofer lines of the reflected solar spectrum when the spectro- 
scope slit is adjusted to cut the outer and inner edges of the ring. 
Keeler, who first made this crucial observation, found that the radia- 
tions reflected from the inner edge of the principal ring were displaced 
to a greater extent than those from the outer, the displacements cor- 
responding with velocities of 12/2 and 10 m.p.s. respectively. Hence 
the ring cannot be a solid structure, but must consist of a larsye pumher 

~-~ - 110 ^* 7 *^ frk** ' Ty ^ t ' <1 -*'-^ r>n - il l null of the 



ROCHETS LIMIT, AND THE ORIGIN OF SATURN'S RINGS 

After the nature of the rings, the most intriguing problem connected 
with them is probably that of their origin. Here again mathematics 
comes to the aid of the observer, and we are indebted to the theoretical 
work of Roche for some invaluable information ^pn^erninsjthc inter- 
actions of planets and their satellites. When a satellite is far from the 
more massive body, the gravitational force exerted by the planet upon 
different parts of its substance is very nearly uniform. But the nearer it 
is to the planet, the more disparate will be the stresses within it, until, 
if the satellite were imagined continuously approaching the planet's 
surface, a point will be reached at which the conflicting stresses and 
strains will have become so acute that the satellite will be disrupted. 
Roche proved that in the case of a large planet and a small satellite, 
both of the same density, the satellite will be disintegrated when it 
passes a limit equal to 2.45 times the radius of the planet. Observation 
affords negative confirmation of this, for no satellite of any planet in 
the solar system lies within what is known as Roche's limit. 

Now the significant fact about the Saturnian ring system is that the 
radius of the outer edge of ring A is 2.3 times the radius of Saturn 
itself. The obvious interpretation of this fact in the light of Roche's 
discovery is thajt_^on4n^^ 

knv^ apprnarhpH fnn near to thf, plfmr*"- pTnrH P^h"'" 1; ; * nt!tA 

have been forn to pieces: and that each individual fragment has con- 
tinued to revolve about Saturn as one of the many components which 



22O QUALITY THE NATURE OF THINGS 

together make up the rings. Three observational facts appear to lend 
support to this hypothesis: all the extant satellites revolve about Saturn 
in or close to the plane of the rings; both the rings and the inner 
remaining satellites are of abnormally high albedo, which may in- 
dicate similar composition and origin; and thirdly, the innermost 
satellites both of Saturn and of the other planets are in every case at 
distances from their primary which are well beyond Roche's limit. On 
the other hand, it is possible that the rings result from the reverse 
process. They may consist of matter which at some past epoch in the 
planet's history was ejected from the body of Saturn itself and which 
has not yet condensed into satellites. The whole question is still exceed- 
ingly obscure, but although no definite answer can be given it does 
seem probable that Roche's work holds the clue to the enigma. 

SATURN: SATELLITES 

Saturn's family of moons has nine members; a tenth was claimed by 
W. H. Pickering in 1905, but the discovery has never been confirmed. 
The largest, Titan, is larger than Mercury and the largest Jovian satel- 
lites. Their periods of revolution range from slightly less than one day 
to one and a half years; their distances from Saturn from 115,000 to 
8 million miles. The main feature of interest about these bodies is that 
some, if not all, vary in brightness in a regular manner. This light varia- 
tion is most marked in the case of lapetus, and was even noticed by 
Cassini with the poor telescopic equipment of the seventeenth-century 
observer. The period of variation coincides with the period of the 
satellite's revolution about Saturn, and it is concluded from this that 
lapetus (and others, which exhibit the same phenomenon) always turns 
the same hemisphere toward Saturn; in this it would resemble our own 
moon and, probably, the five inner satellites of Jupiter. 

THE FURTHERMOST PLANETS 

As regards size, mass, and other physical characteristics, Jupiter and 
Saturn are somewhat similar. The similarity between Uranus and 
Neptune, the next two planets in order from the sun, is even closer. 
Owing to their great solar distance (that of Uranus is twice Saturn's) 
they are faint and were not known to the ancients, although Uranus 
is just above the limit of naked-eyed visibility and can be found with 
the help of a star map when its approximate position has been deter- 
mined from an almanac. They were discovered in the eighteenth and 
nineteenth centuries respectively, while the most distant of all, Pluto, 
was discovered in 1930. 
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URANUS: SOLAR DISTANCE AND LINEAR SIZE 

Uranus's mean solar distance is 1,783 million miles; this is so great a 
distance compared with that of the earth from the sun that the planet's 
brightness and apparent size do not vary to any considerable extent 
during the course of the terrestrial year. Its mean angular diameter is 
slightly less than 4" and corresponds with a linear diameter of about 
31,000 miles. It was discovered accidentally by Herschel in 1781. That 
is to say, he was not engaged in a systematic search for a new planet 
outside Saturn, but merely noticed a strange object in the field of his 
telescope; it was at first taken to be a comet. 

URANUS: AXIAL ROTATION 

Its period of revolution about the sun is approximately 84 years, but its 
axial rotation is less easily determined. Telescopes of large aperture have 
shown faint equatorial belts similar to those of Saturn, but no surface 
marking is sufficiently well defined to be used for an accurate estimate 
of the rotation period. The polar flattening, however, suggests a fairly 
rapid rotation, and the period is believed certainly to lie within the 
limits of 8 and 12 hours. The most accurate estimate yet made is that 
of Campbell. Photometric* work has shown that Uranus is subject to 
a slight and recurrent variation of brightness, the period of which is 
about i oh. 5om. The most reasonable explanation of such a cyclic varia- 
tion is that the planet is rotating on its axis in that period and that 
some areas of its surface reflect less of the incident solar light than 
others. Campbell's figure agrees well with that of about 10% hours 
derived spectroscopically by Lowell. 

URANUS: MASS, DENSITY AND TEMPERATURE 

The mass of Uranus can be derived from the motions of its four satellites 
and is found to be fifteen times that of the earth; this gives a density 
about equal to that of Jupiter. This fact, taken in conjunction with the 
high albedo (similar to that of both Jupiter and Saturn), the evidence 
of the spectroscope, and the similarity of such surface markings as are 
visible with those of Saturn, indicates that Uranus has a dense and 
probably extensive atmosphere. It receives less than 1/360 of the solar 
light and heat received by the earth, and its temperature of about 
190 C. is slightly higher than would be expected were the sun the 
only source of heat. But the difference is too small and the practical 
*A photometer is an instrument which measures small differences of brightness. 
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difficulties attendant upon the radiometric investigation of so distant 
a body, radiating so little heat, are too great for it to be stated cate- 
gorically that Uranus has still some reserves of heat unspent^Its physical 
renditions, therefore, are o^ fr ^f ^<* - ff /nf>r 1 ] |-yp~ ^ +^<* n f 



URANUS: SATELLITES 

Uranus possesses five satellites, the fifth having been discovered with 
the 82-inch reflector at the MacDonald Observatory early in 1948. The 
four satellites that had previously been known have periods ranging 
from 2 l / 2 to 13% days and distances from the planet from about 120,000 
to 365,000 miles. The most notable feature of the four-satellite system is 
its high inclination to the plane of the planet's orbit; this amounts to 
more than one right angle, with the consequence that the satellites do 
not move east and west across the telescopic field (as do those of Jupiter, 
for instance) but north and south. Very few data are available at present 
regarding the fifth satellite other than that it revolves about Uranus in 
approximately 30 hours and that its orbit is well within those of the 
four satellites previously known. 



NEPTUNE: DISCOVERY 



Neptune is so similar to Uranus that it may be reg;ard^ fllrnflff r a * * f ff 
jjwii^In size it is slightly superior to Uranus, but because of its greater 
solar distance (nearly 2,800,000,000 miles) it is never visible to the 
naked eye. The story of its discovery is one of the best known and 
most interesting in the history of astronomy. Herschel's unexpected dis- 
covery of Uranus inevitably led astronomers to wonder whether there 
might not be other and still more remote members of the solar system. 
We have seen how the mass of a planet that has no satellites may be 
calculated by a consideration of its perturbing effects upon the orbits 
of neighboring planets. Each planet, were it the only member of the 
solar system other than the sun, would pursue an orbit which is exactly 
described by the laws of Kepler; furthermore, its motion in that orbit 
would be similarly calculable. If, however, there is another planet also 
revolving about the sun, its gravitation will distort the ideal motion 
of the first, as described by Kepler. Since the mass of the sun is much 
greater than that of any single planet, these perturbations will be small, 
just as an object held by a strong man can only be moved slightly by a 
small boy. Accurate observation and mathematical calculation based 
on the laws of Newton do, however, permit the astronomer to estimate 
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not only the mass of the disturbing planet but also the direction of its 
action and therefore its approximate position. 

About a hundred and fifty years ago it became increasingly clear that 
Uranus was not moving to schedule; that is, its observed motion and 
positions were deviating more and more from the calculated, even after 
a suitable allowance had been made for all the six planets then known. 
The only explanation of this disparity between the calculated and the 
observed was that some factor affecting the latter was not included in 
the former. That is, that there was a still more distant planet whose 
perturbing effect was not being taken into consideration. A detailed 
and extremely laborious mathematical examination of these perturba- 
tions led Adams and Leverrier to predict, almost simultaneously though 
independently, that the unknown planet was situated in such and such 
a region of the ecliptic. In 1846 Galle, at Berlin Observatory, discovered 
the new planet close to the predicted position. The discovery was a 
striking vindication of Newton's theory of universal gravitation. 

NEPTUNE: PHYSICAL CHARACTERISTICS 

On account of its great distance very little is known about Neptune, 
though its physical conditions are probably similar to those of Uranus 
(which it resembles closely in all ascertainable respects), allowance of 
course being made for the effects of its greater solar distance. Faint belt- 
like markings have been thought to have been seen upon it, but since 
the angular diameter of its disk is only about 2^.5, all such observations 
must be accepted with caution. Its linear diameter of rather more than 
31,000 miles and its mass, approximately 17 times the earth's, are slightly 
greater than those of Uranus. Nothing definite is known of its tempera- 
ture. Assuming that it has no internal heat and is entirely dependent 
upon the sun for such heat as it has, its temperature must be in the 
neighborhood of 200 C. Spectroscopic measures made at the Lick 
Observatory in 1928 indicate a rotation period of about 15 hours 50 
minutes; this is in agreement with the evidence provided by a slight 
periodic variation of brightness observed many years ago by Maxwell 
Hall, from which a half-period of 8 hours was subsequently derived. 

NEPTUNE: SATELLITE 

Only one satellite is known, Triton. It completes its retrograde revolu- 
tion about Neptune in a period of 5% days at a mean distance of some 
220,000 miles. Its size has not been determined with certainty, but it 
may be even larger than the giants of Jupiter's satellite system. 
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PLUTO 



Most distant of all the known planets is Pluto. Since it was discovered 
as recently as 1930, little is yet known of it. Its discovery was made as 
a result of a planned search based upon calculations of its approximate 
position upon the star sphere. In broad outline the history of the search 
and the final discovery was a repetition of that of Neptune. Since, how- 
ever, Neptune had not completed one revolution of the sun since its 
discovery in 1846, certain elements of its orbit were not yet determined 
with great accuracy. Thus any apparent anomalies in its motion were 
not necessarily due to perturbations on the part of an ultra-Neptunion 
planet, but possibly to our inexact knowledge of its own motion. For 
this reason the mathematicians were thrown back upon the perturba- 
tions of Uranus for their data. Since the distance from Pluto to Uranus 
is many times greater than that from Neptune to Uranus, their predic- 
tions were less accurate than those of Adams and Leverrier, and Pluto 
escaped discovery for a correspondingly longer period. When it was 
identified on a photographic plate exposed in January 1930 it was 5 
from the position predicted by Lowell. 

Pluto's mean solar distance is approximately 3,673 million miles, or 
39.5 times that of the earth. The orbit is abnormally eccentric for a 
planet, its solar distance varying by something under 2000 million 
miles, and at perihelion Pluto is actually nearer the sun than Neptune; 
the period of revolution is about 248 years. 

Its temperature is undetermined, but probably lies in the neighbor- 
hood of 240 C. to 250 C.; an observer situated upon its surface 
would receive only 1/1600 as much light and heat as we receive on 
the earth. These figures follow from Pluto's known solar distance. 

The angular diameter of the disk is less than o".4, which cor- 
responds with a maximum linear diameter of about 4000 miles. Our 
present knowledge of its mass is even less definite, and all that can be 
said is that it is certainly less than that of the earth, and nrnha^ly We 
man half this. 



VIII. The Sun and ffie Sfars 



THE SUN.* STELLAR STATUS AND SIZE 

The sun is the central and most massive member of the solar system, 
and is gravitationally the ruler of that system. It is fundamentally 
unlike the planets; as we shall see, its spectrum alone proves that it is 
an incandescent body. In fact, it is a star, only differing from the myriad 
stars of the night sky in its comparative proximity. That it owes its 
greater conspicuousness to nothing but its nearness is shown by the 
fact that its absolute magnitude is only 4.85: if viewed from a distance 
of fifty light years it would only just be visible to the naked eye. At a 
distance of 32,000 light years (which may be roughly the distance to 
the center of the galaxy) its magnitude would be 20, and it would be 
invisible to the eye even with the aid of the Mt. Wilson roo-inch 
reflector although it would be within the photographic range of the 
instrument. 

The calculation of the size of the sun is a simple matter, for we know 
both the size it appears to be (its angular diameter at mean distance 
is 31' 59") and also its linear distance. Thus, for a body to subtend an 
angle of 31' 59" at a point 93,000,000 miles distant from it, its linear 
diameter must be 864,000 miles. The volume of a spheroid of known 
diameter is also easily calculated, and it is found that nearly 1 1 / 2 million 
earths would be required to build a body the size of the sun. 

TELESCOPIC APPEARANCE 

On turning a telescope (suitably adapted) upon the sun for the first 
time, the reader will probably be struck immediately by two things: 
the solgLSurf;^^ and the 

center of t^c ...di s k JSJLg2^^ than frhg.-.^gft&- The latter facts 
indicates that above t-hp phirnyg ^face of the ...sun.J'fcpown as the 
there must be a cooler atmosphere. Figure 47 demon- 
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strates that It is possible to see to a greater radial depth at the center 
of the disk than at the limb. And since the former is brighter than the 
latter it follows that brightness increases with increasing radial depth; 
c rom which, in turn, it follows thatjjb^^^aa^^ 

x 



SPECTRUM 



The solar spectrum (Plate vina) consists of a continuous background 
crossed by many thousands of fine absorption lines. These lines were 
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first studied and mapped by Fraunhofer in 1817, fifteen years after 
their discovery. The general type of the spectrum thus confirms the in- 
ference which we have already drawn from the telescopically observed 
darkening of the limb : namely, that the photosphere is overlaid by ^ 
relatively cflgjjhya- gprmj gjrn^ffp^^rck It goes beyond this inference, how- 
ever, in showingt&at the photospheric surface behaves spectroscopically 
like an incandescent pojid or dense gas under great pressure. KirchhofFs 
experiments and the theoretical work reviewed in Chapter vi demon- 
strate that it is the constituents of this atmosphere that impress the 
Fraunhofer lines upon the continuous spectrum of the photosphere. 

SURFACE TEMPERATURE AND THE SOLAR CONSTANT 

That the photosphere is a radiating surface at a high temperature is 
obvious without having to undertake any elaborate instrumental in- 
vestigations. Precisely how hot, can be determined spectroscopically. In 
Chapter vi the laws of radiation as worked out by Wien, Planck, and 
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Stefan, and Boltzmann were stated. Any one of these may be employed 
to derive the temperature of the photosphere, and it is a satisfactory 
confirmation of the validity of all of them that the results obtained are 
in close agreement with one another. Wien's law, based on a maximal 
intensity at a wave-length of ^4750, yields a temperature of 6070 K.; 
Planck's equation gives 6200 K.; and the s;tpfan-.|fokzmann law. 
5960 K. ---.. / 

It may be of interest to follow the application of the latter law as 
applied to this specific problem of the sun^s surface temperature. It will 
be recalled that the equation is I \f^ 



when 

















is a constant. 

"** ** '""P 

The practical difficulty lies in the accurate determination of E. This 
is derived from the so-called solar constant, which is, in effect, the 
amount of solar heat received by a unit area of the earth's surface. It 
may be expressed in calories per square centimeter per minute, when 
its value is 1.94; or in ergs per square centimeter per second, when its 
value is i^Xio 6 - 

But the sun is pouring out radiation in all directions, and not just 
upon our one square centimeter. In order, therefore, tp dis^Qyrr thfl 
toj^il^moun&~4> ks-ratfe!tim the area of the sphere 

centej^d~upQ|i_the sun whose radius equals jthe ^T^ 



the Dearth, aacj^then multiply the nur^^^ 

we write R for the 



mean distance from the sun to the earth in centimeters, the area we 
require is ^nR 2 . Writing ^ for the solar constant, the total radiation 
falling upon this sphere in one secondtotal radiation of the sun in 
one second=4rtK 2 ^. Writing r for the radius of the sun in centimeters, 
we have: radiation emitted by i square centimeter of the solar surface 
per second 



All the terms in this expression are known, and it can therefore be 
evaluated. The answer is 6.25 Xi 10 ergs. This, then, is the term, E, 
which we require. 
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The value of the constant B has been found to be 5.735 \io~~* ergs 
per square centimeter, and substituting the numerical values of B and 
E in the Stefan-Boltzmann equation, we get 

7=5740 K. 

A correction for the fact that the sun is not a black body (see p. 151), 
while the law strictly refers only to a perfect radiator, adjusts this 
figure to the 5960 K. already given. 

THE SUNSPOT CYCLE 

A great deal of information regarding the sunspots can be gained by 
telescopic observation alone, provided that it is continued over a long 
enough period. Moreover, a detailed study of the spots will yield valu- 
able information regarding the sun itself. Early in the nineteenth 
century, Schwabe, a German amateur astronomer, turned his tele- 
scope on the sun for the first time and took note of the spots upon it. 
He continued his solar observations for nearly twenty years without 
interruption, except from cloudy days. Each day he made a note of 
the number of spots visible, and from this simple observation, and as 
the result of his great patience and perseverance, he discovered their 
most notable characteristic. Their numbers fluctuate in a fairly xegwlar 
. jrh^thnpu At spot minimum no spots may be visible for days or even 
weeks on end. Gradually their occurrence becomes more frequent 
until at maximum there is rarely a day when several spots or groups 
of spots are not visible. The numbers then begin to fall off again until 
nmja^irmTrKJs once more reached/ This cycle from minii^yrn ^o mini. 

mm, or frotoi maximum to maximum, occupies jrathcr more than 
eleven years ;..ilSs""is only the mean value, however, and periods four or 

ffim^w^yeatf longer and shorter have been recorded. It must be 

lembere^jxmat fte-^yrt-i^f-inn nnly jn.vnlyA-.l-frp jyjgjffl^flf fip n % ^"^ 

not meiFindividual size; large and small spots occur indifferently at 
all times throughout the cycle. 

SOLAR ROTATION FROM SUNSPOTS 

A few days' observation of the sun will reveal that the spots are moving 
slowly across the disk from cast to wcst^Tcw spotsap^^ 
eastern limb anci, having passedffigE^cross the disk (if they persist 
so long), disappear around tKe wbsterm ^k> ^iffl f, tiflkfiOi fo Df **"' n C 
[jftrni ilimli trr 1ir~ u if nbr"f fy fnftU'Sht It 70C ^is observed motion 
^f the spots across the disk ettyloc tHat led to the discovery that the 
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sun, likejb earth, rmatingjpiij.ti^nf The earth is revolving round 
trie sun in the same direction as the sun's rotation, and therefore the 
observed rotation as exemplified by the spots is not the true, or sidereal 
rotation period, but the synodic period. To obtain the former from 
the latter we must employ the equation with which we became familiar 
in Chapter n. If .5 is the observed, nr synodic, 
27 days as revealed bv the spots: JF^ fhf r? rfk>c 



Of 365 days; an^jP the rfrpg1.jrrffli-jpn p^r^rl nf t\^f> cnn; 



! = L_4 

P S 
If the equation is solved for the values aboye^ itwill be found that the 



boye^ itwil 

da\^i 

But a curious anomaly makes it impossible to state simply that the 
sun rotates in such and such a period. For the derived figure depends 
upon the latitude of the spot upon whose motion the determination 
is based. A spot in high latitudes takes longer to travel from limb to 
limb than one nearer the equator. The sun, in fact?* rotatesjfe zones 
and not as a rigid body: the equatorial regions rotate more rapidly 
than the polar,* the two periods being about 2454 days and 34 days 
respectively. All that we can say briefly is that the sun's mean sidereal 
rotation period is approximately 25 days. 

LATITUDE DISTRIBUTION OF SPOTS 

The regular observer of the sun will sooner or later discover that spots 
do not occur in all latitudes with equal frequency. They arc, in fact, 
rpnfin^rl tn ap p.miflff|rifl1 hand fear-h^gy-to about 40 N. and S.*t In, 
slightly higher latitudes than these they are extremely rare and they are 
completely unknown in the vicinity of the poles themselves. But even 
the attainment of this conclusion will not have taught the observer the 
whole story of the distribution of the sunspots, for about twenty years 
after Schwabe published his discovery of the eleven-year cycle, Spoerer 
showed that the distribution of the spots in latitude varies with this 
cycle. At minimum there may be a few spots in high latitudes usually 
about 35 N. and S. As the cycle proceeds, new spots are born in 

*Since no spots occur in the polar regions, another method of determining the 
rotation period has to be employed, and will be described shortly. In the highest 
latitudes at which spots normally occur, the period is about 27% days. 

tMore precisely, to two bands, one north and one south of the equator, for few 
spots occur between 5 N. and S. 
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progressively lower latitudes until, by the next minimum eleven years 
later, they are confined to the immediate vicinity of the equator. Shortly 
before the cycle comes to a close and these equatorial spots die out, the 
first few spots which herald the opening of the new cycle will have 
appeared in the higher latitudes again. The two zones occupied by these 
spots and their successors will in turn converge upon the equator, pass 
their maximum, and dwindle away in the equatorial regions at the 
next minimum. 

Thus we can, by direct telescopic observation carried out over a period 
of years, establish three facts about sunsnots: 

i. Th^r piirnhrrr inry thrrnigh?"t i ^Hf Vfini 



rs. 



. 



T w/ M^V m P.f i FT^ narrow 



. 




"ijfl thr %pl,f nfr>r and situated oa either .side. >f it, the lati- 
tude of which varies with the eleven-year cycle. 

suoi^otation carries them across the visible hemisphere 
i? s ^klb XnLJ^Jk ^^ solar lartttrde. 

OF THE SOLAR ROTATION 

dlows the rotation of the sun in any latitude 
:ates based on spot observations are restricted 

to the equatorial ahd temperate zones of the sun, this is of great 
value; without the spectroscope the determination of the rotation period 
in the spotless polar regions could never be undertaken. Figure 52 
represents the sun as seen fi^jAa point in space directly above one of 
its poles. It will be seen tKfrt*3friF fn i^iYJnl ^^Vl^VUtl^A 1 ^ is 
^pprnar^jng.tVie pflffh. while the other is rpr^jnp from jt. The velocitv 



estir 



of this line-of-sight motion can be measured by the extent of 

the east limb approaching the earth, and the west receding from it. 
Hence, since the linear size of the sun is known, the period of rotation 
in any latitude can be calculated. In this way it has been discovered, 
and could have been discovered in no other way, that the^ntinn prj;iod 

APPEARANCE, SIZE, AND STRUCTURE OF SPOTS 

Thus far we have been considering only the motions and positions of 
the spots and for these purposes telescopes of low magnification or 
even naked-eye observations are sufficient. For study of the details of 
individual spots either a telescope equipped with a moderately high 
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magnifying eyepiece or a photographic telescope of long focal length 
is desirable. With such instruments it will be noticed that an individual 
spot consists of two regions, an inf^J^^}^_^twct^ and an outer, 



less-dark, region^ called the. penumbo. These two main divisions oTan 
individual spot consists of two regions, an inner called the umbra, and 
an outer, less-dark region called the penumbra. These two main divi- 
sions of an individual spot may be observed on Plates xi, xm, and xiv 
(On Plates xm and xiv the left-hand picture should be studied.) Plate xi 
shows a highly magnified photograph of a large group of sun spots. The 
sizes of the individual members of this group may be estimated by com- 
parison with the small circle in the lower left-hand corner of the plate 
which represents the size of the earth on the scale of the photograph, 





Figure 48. 

In addition, one or several minute black spots, known as nuclei, may 
be visible within the umbra. It will often be noticed that the photosphere 
in the neighborhood of spots, and particularly of large spot groups, is 
brighter than elsewhere. Close scrutiny of individual spots sometimes 
reveals that filaments or bridges of this brighter material are thrown 
across the dark umbra from the surrounding photosphere. 

In November 1769 A. Wilson, professor of mathematics at Glasgow, 
made a careful study of a large spot that had passed the center of the 
disk and was approaching the western limb. He noticed that the umbra 
was apparently displaced toward the center of the sun's disk. Two 
weeks later be re-observed the same spot after it had reappeared on the 
eastern limb and found the same displacement of the umbra relative 
to the penumbra, a displacement that decreased as the spot approached 
the center of the disk. He explained the displacement by assuming that 
the sunspots are actually depressions in the disk of the sun and that 
the effect is a foreshortening as illustrated in Figure 48. This so-called 
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Wilson effect has been a subject of dispute up to the present time. 
Many observations have been made during the past century and a half. 
One long series of observations indicates that the average large circu- 
lar spot has an average depth of 450 miles. In some cases displace- 
ments away from the center of the disk have been reported. In 1939 
Pettit made a long series of observations and found the displacement 
toward the center of the sun in the case of 26 spots observed near the 
limb of the sun. However, he explains the phenomenon as due to a large 
column of gas extending high up above the surface of the sun and 
surrounding the umbra of the spot. 

Spots vary enormously among themselves as regards size, shape, 
motion (for spots usually have motions of their own, distinct from the 
motion imparted to them by the sun's rotation), and length of life. 
Some, typically the smaller, may be of only a transitory nature, while 
the larger ones may last through two, three, or, exceptionally, more 
rotations of the sun. In size the spots show great variety. The smallest 
that can be observed are about 500 miles in diameter,* while the largest, 
and even the more moderate ones, would engulf a body many times 
the size of the earth (see Plate xi) . Indeed a soot must be 1^.000 miles 
in diameter before it can be seen with the naked eye, .and spots four 
times this size have been observed. 

Sunspots are frequently found in clusters or groups. Such groups arc 
illustrated in Plate xi and in the left-hand photographs on Plates xm 
and xiv. It is customary to speak of the western rpeq|bcr of the group 
jfrir fhfi ^^* n g Jjp n t' -^Wf if p rfa/ Tffr the other members as they are 
carried across the disk of the sun by the solar rotation. The leading spot 
usually appears first with the following members developing a few 
days later. In a group which later becomes a large one, the leading 
spot and its immediate followers develop at about the same rate but 
with the distance in solar longitude between them increasing up to as 
much as ten degrees. At the time of maximum area of the group small 
unstable spots are frequently to be found between the leading spot and 
its large followers. As the life of the group progresses the principle 
following spot breaks up into smaller units and gradually fades out, 
with the leading member losing its collection of small spots and remain- 
ing as a single round spot which gradually fades out and disappears. 

Lastly, it must be noted that spots appear to be centers of some form 
of electrical disturbance. Frequently the transit of a large spot or spot 

*Since we have discovered the linear size of the sun it is a simple matter to 
discover the linear size of any object upon its surface. 
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group across the sun's central meridian is the herald of magnetic storms, 
heavy earth currents, and the occurrence o aurorae on this planet. It is 
significant that these terrestrial magnetic disturbances do not occur 
with the .jsnla T ; fotiirhflnr.p.s helieved to be their causei 



the two are separated by a timcjag^ofj|^^ is 

most fortunate in its practical applications, for it permits theforecasting 
of magnetic storms by the observatories. The generally accepted ex- 
planation of these terrestrial counterparts of solar activity is that-jfrreaqjp 
of electrified particles arc ejected from the disturbed areas of the sun's 
- t,h ;>J H:hrflCi rgqiurf ...... fiamr ifr nr " >r>< 7 



the Q3 rni^ltnn rniles separating the earth and t%; *np. *"Qjis supposition 
receives additional confirmation from the fact that very strong magnetic 
storms are frequently repeated after an interval of about twenty-seven 
days. Now this is the period of the sun's synodic rotation, and it seems 
legitimate to conclude that the stream of particles, having encountered 
the earth, is swept completely around the sun by the latter's rotation 
and after twenty-seven days encounters the earth once more. Intcrrup- 
tion of short-wave radio, on the ott 

probably causedhy th^ erpj^jn" ^ * flnnf Vp f 1T]fra 

JTJ^o^^j^* 

In addition to specific correlations of this kind, there is a marked 
relation between the ebb and flow of the spot cycle and diurnal varia- 
tions of the earth's magnetic field. At maxima the variations are large, 
and magnetic storms (which are nothing more than sudden and acute 
variations) common. At minima the extent of the diurnal variation is 
reduced by anything up to 50 per cent, while storms occur practically 
not at all. 

TEMPERATURES AND SPECTRA OF SPOTS 

We have seen that the temperature of thp ^npralVphnfngphprir|<;nrf^c^ 
ig sKfjjj^flpn At such a temperature no compounds could remain undis- 
sociated. But the spectra of spots show the characteristic banded spectra 
of compounds, and in particular those of titanium oxide, calcium and 
magnesium hydride, and molecular carbon. Now the dissociation tem- 
perature of titanium oxide is in the neighborhood of 3000, and ^por& 
jjf *-k^ rr pr^ shown to be considerably cooler than the surrounding 
photosphere a conclusion suggested by their inferior Jbfilliance. Tem- 
perature modifications of individual lines in spot spectra tell the same 
tale. These are of the general type described in Chapter vi : some lines 
are preatlv strengthened while others, especially lines in the infra-red, 
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Another common feature of spot spectra is the widening, doubling, 
or trebling of many of the lines, especially those situated in the longer 
wave-lengths. This is an example of the Zeeman effect and indicates, 
asJUJbomtory experiments have prj^Kkthe exister 

the source; Jt.lre .spflolj^ 

disturjjanit is interesting to lekcnjtlw Hale has 
of spots/Dy means of the Zeeman effect where no spots are visible to 
eye. It might be suggested that the forces that normally lead 
to the formation of a spot are here operative but are not strong enough 
to create a visible disturbance of the photosphere. 

PHOTOSPHERIC GRANULATION AND FACULAE 

When the surface of the .photosphere is examined under conditions of 
excellent seeing it will be noticed that jts surface., i* mnitlffi and 
gr^iiular^It appears to be made up of innumerable contiguous grains, 
only slightly brighter than the photosphere, which are commonly 
referred to as the rice grains. These granules are f roni^ga^to. 1 300 
milesjju^"eJ^r, and Keenan estimates that at any given moment 
more than 2 l / 2 million are visible over the whole disk. The exact cause 
and nature of this granulation of the solar surface J& unknown, but 
it has been suggested that the granules are the crests of waves of 
unequally heated photospheric material. 

Close examination of the brighter material that characterizes the 
vicinity of sgots^a^ spot groups show that it is not homogeneous or 
uniformxirTtexture; r^her, it consists of numerous irregular patches 
and wftif rr] r | j V-g- ,fj | flyrj flpftg which are some 15 per^ftL brighter than 
the phptospheric background. These are. ^ffl^ lpr^j[alSand at this 

point u*tviH snfficcto note two facts about themS&mgregations of 

faculae tend to precede the formation of spots and to survive after 
they have vanished. Secondly, they appear to be more numerous near 
the edges of the solar disk than toward its^eeTTteh^h^J^^^ 
this, as we shall see later, is that they otC j-lnprksST?' il^^rQp^pKprf 
situated at considerable heights above the stn^ace of the photosphere. 
Thus they are not diminished in brightness to {nlTsanrc ""extent as the 
photosphere in the peripheral region, while at the same time the reduced 
luminosity of the background renders them more easily visible. 

THE FLASH SPECTRUM AND THE REVERSING LAYER 

Both visual observation and the nature of the solar spectrum demon- 
strate that overlying the photosphere there is a cooler atmospheric 
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layer. The question arises, is this atmosphere cool and therefore non- 
incandescent, or is it incandescent but nevertheless cooler than the 
photosphere ? In either case its spectrum would consist of dark absorp- 
tion lines. The question can only be answered if we have an oppor- 
tunity to observe its sSpectrum when that of the photosphere (the 
continuous background) is blotted out. Then, if it were not radiating 
at all, the Fraunhofer spectrum would be invisible; whereas if it were 
incandescent, but less so than the photosphere, the Fraunhofer spectrum 
would be reversed, i.e. would consist of bright lines instead of dark. 




\ .Exposed 
f\ crescent of 

| I reversing 

'' j layer 



Limb of moon. 



Surface of photosphere. 

Upper edge of reversing layer. 

Figure 49. 

These conditions are provided at total eclipse. Figure 49 shows the 
solar disk, surrounded by the reversing layer, and the body of the moon 
at a moment just before totality. (To make the diagram clearer it is 
not drawn to scale, nor are the chromosphere or corona shown.) It will 
be seen that at this moment the photosphere is hidden by the body of 
the moon while a narrow lune of the reversing layer is still visible. 
At the moment of the final obscuration of the photosphere the Fraun- 
hofer spectrum flashes forth as a set of bright lines; a second or two 
later, as the moon moves over the reversing layer also, they disappear, 
It is clear, therefore, that the reversing la:^^^^ the 

photospherejjsji^ 
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The matching of Fraunhofer lines with lines o spectra produced 
in the laboratory, the constitution of whose sources is known, has 
led to the identification of many terrestrial elements in the reversing 
layer of the solar atmosphere. This matching of solar and laboratory 
spectrograms is carried out as follows. The spectroscope slit is divided 
transversely into an upper and a lower half, either of which may be 
opened or shut independently of the other. The lower half of the slit 
is opened, the spectroscope is focused upon the sun, and the plate 
exposed. Then the upper half of the slit is opened, the lower half 
closed, and the spectroscope focused upon a source in the laboratory 
incandescent iron vapor, let us say care being taken not to move the 
plate. The plate is once again exposed, and developed. Thejspectrograrn 

of rwn cpprt-ra ]yincr ci'r[ r fry sid^ with 



[gngths ^Vffltly ihirrrn (anil hHn.W--' MLr ^ nrhfra Qne tn -SpcctrinrL-QJF trig 
siirij and the ntr^r,. , jhaj ....... oLjfrlpnrigftd. ina,n Tr can be seen at a glance 

whether any of the iron lines occur in the solar spectrum, and whether, 
therefore, iron occurs in the reversing layer. By taking a large number 
of such comparison spectrograms, changing the constitution of the 
laboratory source each time, it is possible to identify about 60 of the 
92 terrestrial elements in the reversing layer. Some are represented by 
only a few lines, others by scores or hundreds; over 3000 lines of the 
iron spectrum have been mapped. Altogether, more than 23,000 in- 
dividual lines figure in the most recent catalogue of the Fraunhofer 
spectrum. It is highly probable that the 30 apparently missing elements 
do in fact occur in the sun. Not only are all wave-lengths shorter than 
about A3000 absorbed by the ozone in the earth's upper atmosphere, 
but it must also be expected that the heavier elements in the sun would 
sink below the reversing layer where alone they are capable of produc- 
ing absorption spectra. 

When the flash spectrum is observed without a slit, each line is 
curved (being an image in monochromatic light of the still exposed 
segment of solar atmosphere) and as the moon's limb obscures suc- 
cessively higher and higher levels, so the lines of those elements that 
occur at different heights above the photosphere will drop out of the 
spectrum. Finally, only calcium, hydrogen, and helium remain before 
the spectrum disappears altogether. Knowing, as we do, both the sun's 
distance and the rate of the moon's motion across its disk, we can thus 
determine to what approximate heights above the photospheric surface 
the various elements extend. The reversing layer, the lowest of the 
atmospheric levels, stretches for from 100 to 200 miles above the 
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photosphere; some of its constituents are confined to the lower levels 
while others occur throughout the whole stratum. As already explained, 
it is possible to deduce the density and pressure of a gaseous or vaporous 
source from its spectrum, and it has been found that the pressure in 
the reversing layer is no more than one ten-thousandth that in the 
earth's atmosphere. 

THE CHROMOSPHERE 

Without the aid of the spectroscope, the solar atmosphere can be studied 
only one rare occasions, and even then not in its entirety. By a cosmic 
fluke, the relative sizes of the sun and moon and their distances from 
the earth are just such that their apparent sizes as judged by a terrestrial 
observer are almost identical. It periodically happens that the moon 
passes directly between the earth and the sun; when this occurs the 
sun is said to be totally eclipsed, and at the instant of totality which 
'instant' may be as long as ym. 405., but is usually very much shorter 
the solar disk is hidden by the body of the moon. Thus the glaring 
photosphere is obscured, while the less brilliant atmospheric levels are 
visible round the moon's limb. Two different zones can then be dis- 
tinguished. The inner is blood-red, and appears as a narrow rim of 
flame to the moon's black disk. This atmospheric layer is the chro- 
mosphere, and it may be noticed that its outer edge bears small projec- 
tions, which in fact are gigantic flames and clouds of incandescent gas. 
These prominences may be attached to the chromosphere at one or 
more points or may be entirely severed from it. 

The spectrum of the chromosphere may also be observed during 
totality, and it has been established that it does not consist of a com- 
plete set of the Rauohofer lines; furthermore, the lines are bright -grid, 
not J&U&* The Glerr^nty .jJi^t by tfreir ^jigorptipn of certain wave-lengths 
or fhe nhotosnhf.ric! liPfnt cause the Fii^iiiih^iLOiJLLii^s a rfi therefore not 
sfc^gtjed jn tk* rhrp^Vfipliflfci'^ 01 '- as we shall see, are they situated 
in the corona, which is the outermost atmospheric region. This estab- 
lishes that the reversing, layer -k^uated Jjocunediatcly above the photo- 
sphere and below the chromosphere. 

One feature of the chromospheric spectrum, which was unexpected 
at the time of its discovery, was that lines which are weakened in the 
spectra of spots are here strengthened. Since the solar atmosphere is 
cooler than the photosphere, just as the spots are, this was somewhat 
surprising. Later, however, the explanation was revealed by Saha, a 
physicist. lonization, the line-modifying agency, is promoted not only 
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by increased temperature but also by decreased pressure, and in the 
chromosphere the latter overrides the former. Thus line-modifications 
which were at first thought to indicate certain conditions of tempera- 
ture are also in fact indicative of reduced pressure. 

Until 1868 astronomers could only study the chromosphere during 
the short and isolated intervals of total eclipse; at all other times the 
glare of the more brilliant photosphere swamped it utterly. In that 
year, however, Janssen and Lockyer devised independently a spec- 
troscopic method of observing the chromosphere at any time. Spec- 
troscopic observation of the sun's atmosphere as the moon moves in 
front of it at total eclipse has proved that when not only the photosphere 
but also the reversing layer is obscured, there still remain some bright 
emission lines whose source must be looked for in the chromosphere. 
Now the effect of high dispersion upon a continuous spectrum is to 
weaken its intensity, the spectrum being lengthened and the same 
amount of light spread over a larger area. But the monochromatic 
lines of the chromosphere are not weakened by using a spectroscope 
of high dispersion; they are simply moved farther apart. Hence, if a 
spectroscope of high dispersion is adjusted upon the sun's limb and 
moved round it till one of the bright chromospheric lines appears, and 
the slit is then opened, the chromosphere in that region will be visible 
to the eye; for the intensity of the photospheric light in the sun's 
vicinity, which usually blots it out of visibility, is greatly reduced by 
the wide dispersion. 

Since this discovery our knowledge of the chromosphere has increased 
rapidly. Its most remarkable feature is its instability. It is in a constant 
state of turmoil and upheaval, great flames and clouds of incandescent 
gas being ejected from its surface. These eruptions are known as 
prominences and can be clearly seen by the open-slit method with quite 
smail telescopes. They may be roughly divided into two groups, 
quiescent and eruptive. The former are usually about 50,000 miles in 
height, and change neither their shape nor their position very rapidly. 
The eruptive prominences, on the other hand, are subject to very rapid 
changes: prominences have been observed to be ejected from the 
chromosphere with velocities approaching one million miles per hour 
to distances of more than half a million miles from the sun. By regular 
observation of the numbers and distribution of the prominences 
Evershed has been able to demonstrate that both are subject to cyclic 
variation whose period is about eleven years. 

The thickness of the chromosphere is about ten times as great as 
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that of the reversing layer, as can be estimated from observations with 
the slitless spectroscope at total eclipse. Its lower edge tails imper- 
ceptibly into the upper reaches of the reversing layer at a height of 
100-200 miles above the photosphere, while the highest constituents such 
as ionized calcium occur exceptionally at heights as great as 8700 miles. 
Its chief constituents are calcium, hydrogen, and helium, and it is the 
red light of hydrogen that gives to the chromosphere its characteristic 
color. The quiescent prominences, which usually take the form of semi- 
detached portions of the upper reaches of the chromosphere, have the 
same spectrum and chemical composition as the regions from which 
they spring, but the eruptive prominences often contain certain sub- 
stances, such as iron and tin, that are normally confined to the lower 
levels of the chromosphere. 

THE CORONA 

The outermost atmospheric^h^i4*thcTOTTma:. This appears as a pearly 
white radiance (the most beautiful of the various striking phenomena 
witnessed at total eclipses) surrounding the sun to a very much greater 
depth than the chromosphere (see Plate xn). Its outer edge is not con- 
centric with the sun's limb, as is that of the chromosphere, though it 
may be approximately so. On the other hand, its figure may be much 
distorted from the circular by great beams or petal-like rays. 

The study of the corona has been rendered excessively difficult by 
the fact that until 1931 it could only be seen for the short and isolated 
periods of total solar eclipse: serial or continuous observation has thus 
been impossible. That this deplorable state of affairs has been remedied 
is due solely to the historic work of Lyot, whose photographing of the 
corona without an eclipse has been one of the foremost observational 
achievements of this century. The difficulty of the observation, which 
had for so long proved insurmountable, sprang from three causes. In 
the first place, the enormous brilliance of the photosphere completely 
swamped the much gentler radiance of the corona: at a distance of 2' 
from the solar limb, the brightness of the corona is about one million 
times less than that of the photosphere, and toward the outer regions 
it falls off even from this figure. In the second place, there was an in- 
strumental defect to be overcome. A lens does not transmit 100 per cent 
of the light directed upon it, a certain proportion being scattered by the 
two faces and the edge of the lens, as well as by any bubbles in the glass, 
surface scratches or particles of dust. The resultant halo, when the sun 
is observed, is at least 200 times as bright as the corona. A third source 
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of diffusion of the photospheric light is dust in the lower levels of the 
earth's atmosphere: this produces a halo which is at least 100 times 
brighter than the corona under normal conditions at sea level. Any one 
of these three sources of diffusion is thus capable of swamping utterly 
the much fainter glimmer of the solar corona, and all must be elimi- 
nated before it can be rendered visible. 

Lyot managed to overcome the first two by constructing a type of 
telescope which he named the coronagraph; this consisted essentially 
of a system of diaphragms and screens. Also, only lenses of the finest 
quality were used. The third difficulty was overcome by erecting the 
coronagraph at the observatory on the summit of the Pic du Midi at a 
height of nearly 3000 meters above sea level. 

Lyot's first coronagraph was built and put into commission in 1930, 
in which year also the first coronal spectrogram was obtained without 
an eclipse. In the following year came the first photograph of the 
corona itself. 

Although the shape and outline of the corona are constantly chang- 
ing, its general shape varies in a regular manner which is connected 
with the spot cycle of eleven years' duration. At spot maximum the 
depth of the corona is about equal all round the disk; it is at any rate 
not markedly deeper in one region than another, and certainly bears 
no particular relation to the solar equator and poles. But at minimum 
it consists of short tufts at the poles and long, more or less parallel-sided 
beams or rays at the equator. 

Although the whol*corona is extremely faint compared with the 
photosphere, its brightest regions may at times be intolerable to the 
naked eye. From the immediate vicinity of the chromosphere its bril- 
liance decreases steadily; the inner regions are also yellower in tint than 
the outer. It is thus possible to make a rather vague distinction between 
the inner and outer corona, a distinction which is confirmed by the 
spectroscope. The spectrum of the inner corona consists of less than 
thirty bright lines, some of which have been known for upwards of 
seventy years, while others were only detected in 1937. That of the outer 
corona is quite distinct from this, consisting as it does of a faint replica 
of the ordinary Fraunhofer spectrum. This region is therefore under- 
stood to consist of non-incandescent particles which merely reflect and 
scatter the sun's light, superimposing little or no radiation of their own. 

But what of the inner corona, with its emission lines ? None of these 
has been matched with laboratory spectra, for the reason that the 
peculiar physical conditions prevailing in the corona (particularly its 
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great rarefaction, favoring advanced states of ionization) cannot be 
reproduced experimentally. It was not until as recently as 1941 that 
Edlen of Upsala fathomed the secret of the inner coronal spectrum, 
and showed that nine tenths of the radiation from this structure de- 
pended upon 'forbidden' transitions in iron atoms more highly ionized 
than had previously been envisaged. In addition to iron, calcium and 
nickel were identified, and at the present time less than 3 per cent of 
the total coronal emission is still unaccounted for. It is instructive to 
reflect that without the theoretical background of ionization conditions 
and stationary states, discussed in Chapter vi, and relying solely upon 
laboratory work, this solution of the coronal spectrum would never 
have been achieved. 

OTHER USES OF THE CORONAGRAPH 

Following the publication of the photographs of the outer atmospheres 
of the sun obtained by Lyot with his coronagraph, the construction of 
other instruments of the same fundamental type was begun. It was 
found that not only could th^j^ouxzA^tete-lf be pht5To^TcTptrni*wiA-4:his 
instrument but also" excellent images of the jsolar prominences could be 
obtained. Certain types of these prominences, known asspicuTeT, were 
found to"be associated with the type of disturbances on the sun asso- 
ciated with sunspots. Since sunspots in turn are associated with electro- 
magnetic disturbances on the earth it was realized that photographs 
taken witlj^the coronagraph could be used tofyjjcast radio interference. 
Several coronagraphs were set up by the Germans during the Second 
World War for the sole purpose of forecasting radio conditions. A 
coronagraph of very high quality was established by the Harvard 
College Observatory at Climax, Colorado, and observations obtained 
by it were used by the armed services. 

T H E S P E C T R Q HE T . 



During the last fifty years a vast new field of solar research has been 
opened up as a result of the invention of the spectroheliograph. This 
instrument was devised independently by Hale and Deslandres in 1889. 
If the slit of a spectroscope is brought to bear upon any region of the 
sun's disk, and the spectrum is observed to contain the lines of, for 
example, hydrogen, we know that a part at least of the region visible 
through the slit is composed of hydrogen. Now suppose that the eye- 
piece of the view telescope is replaced by a screen in which is cut a 
second fine slit. A narrow section of the spectrum will pass through 
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this slit, the rest being caught on the screen. The position of the second 
slit is adjustable, so that any part of the spectrum can be made to fall 
urjojiit-If it is adjusted onto a hydro 

incanoe^cel^liydiug"en"will be able to pass to the photographic plate 
behind the second slit. The plate, when developed, will record the 
distribution of hydrogen thrQUghojit fhf arrfl cn^ r ^ hy thr krgt^jjj-. 

thelirst slit is long enough to cover the whole 

solar disk, and is moved across it from limb to limb, the second slit 
being moved with it, a photograph of the sun in hydrogen light will be 
built up on the plate by a large number of adjoining strips, the images 
of the second slit. In this way the distribution of hydrogen, calcium, or 
whatever element is chosen, over the whole visible hemisphere of the 
sun can be photographed. Plate xm shows a direct photograph of the 
surface of the sun (on the left) together with a spectroheliogram of the 
sun taken at the same time in the K-line of calcium. Plate xiv shows a 
direct photograph of the sun together with the corresponding spectro- 
heliogram taken with the H a line of hydrogen. 

DISTRIBUTION OF SOLAR CALICUM 

The solar calcium is distributed, as may be seen from an examination of 
Plate xm, in clouds of various sizes. These clouds are larger than the 
faculae and are known as flocculi. It will be noticed from an examina- 
tion of the direct photograph^ and the calcium spectroheliogram in 
Plate xm th*it laji[fL^u}uli /or cLQuxis o suDerh^iH^^^u^>mnx_y_aDoi 

*** MSB'ni'^ "'MaM 



^ 

occur in the regions where" spots are to be found on the photospherp 
proper. In some cases the nucleus of the spot extends up through the 
bright cloud of calcium vapor. In most cases the calcium flocculi are 
bright, and hence hotter than the underlying photosphere, but occasion- 
ally they appear as dark objects at a lower temperature than the ma- 
terial below, 

DISTRIBUTION OF SOLAR HYDROGEN 

As is the case with calcium the hydrogen in the upper solar atmosphere 
is distributed in large clouds or flocculi. The characteristic difference 
between the hydrogen flocculi and those of calcium is that the majority 
of the hydrogen flocculi are dark. Furthermore, the calcium flocculi are 
usually compact, more or less rounded masses, while those of hydrogen 
are typically wispJike. The bright hydrogen flocculi usually appear in 
the vicinity of sunspots, and close examination of spectroheliograms 
reveals a vortex structure, indicating a sort of cyclonic disturbance in 
the hydrogen gas above the sunspots. 
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We have already mentioned the fact that the larger sunspots fre- 
quently appear in groups with two main members separated by several 
degrees in solar longitude. Careful study of Zeeman effect indicates that 
the magnetic polarity of the leading and following spots of a large 
group are of opposite magnetic polarity. Examination of the vortex 
motions in the hydrogen flocculi above such a group of spots indicates 
that the direction of circulation of the hydrogen is opposite in the 
leading spot to that in the following. Furthermore, the types of mag- 
netic polarity of the leading and following spots are such as could be 
accounted for if there were masses of free electrons associated with 
the glowing hydrogen vapor. 

It has been found that when the hydrogen flocculi approach the limb 
they are often associated with prominences. This shows that, as might 
be expected from their relative darkness and therefore coolness, they 
are located in the upper reaches of the solar atmosphere; many of them, 
in fact, are nothing more than prominences seen in projection against 
the sun's disk. It is probable, indeed, that the prominences, calcium 
and hydrogen flocculi and faculae are all objects of a similar nature 
i.e. clouds of gas or vapor differing from one another only in respect 
of their height above the solar surface and, consequently, temperature. 

It does not appear unreasonable to seek a connection between the 
darkness and therefore the relative coolness of the hydrogen flocculi 
and the fact that hydrogen is lighter than calcium vapor, for we might 
expect to find hydrogen at greater heights above the photosphere than 
calcium, and at this level it would certainly be the cooler of the two. 

This inference has been verified by an interesting and very impor- 
tant refinement of spectroheliographic technique. Some of the lines 
of the solar spectrum, particularly those of calcium and hydrogen, are 
reversed, i.e. in the center of the absorption line there is a fine, bright 
emission line. In view of what has already been said of the formation 
of emission and absorption spectra, it will be recognized as probable 
that the dark line is caused by absorption in relatively low levels of 
the atmosphere, while the central bright reversal is caused by the same 
gas (since the wave-length is the same) at higher levels and in a state 
of greater incandescence. Thus, in adjusting the second slit first upon 
the edge of the line and then upon the bright central component, we 
are photographing different levels of the sun's atmosphere. In this way 
the vertical distribution of the solar calcium and hydrogen may be 
studied, and the supposition that the bright flocculi are at a lower 
level than the dark is substantiated. 
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THE STARS 

Many facts about the stars can be learned from direct observation, and 
it will be convenient to open the following account of the nature of 
the stars with a description of these observables, considering in turn 
spectra, temperatures, colors, luminosities, masses, sizes, and densities. 

SECCHl's CLASSIFICATION OF SPECTRA 

It has already been emphasized that the sun and the stars are funda- 
mentally similar. This fact is a certain deduction from their spectra. 
Some seventy years agcL-Sccjjfcju a pioneer.in astropliysics, ,showedj,hat , 
the vast majority of stellar spectra can be divided into four general 
groups, A characteristic spectrum of any one of these types is easily 
distinguishable from that of any other type, while at the same time 
being closely similar in most of its details to other spectra of its own 
type. Later work has refined and elaborated Secchi's classification of 
stars according to spectra, by the division of each of his types into a 
number of sub-types, and has enlarged its scope by adding several 
new ones. 

THE HARVARD CLASSIFICATION 

Today the accepted stellar classification is the Harvard ojiJOcap/**' 
Sf.qiiTrT i T* > 4 consisting of a dozen spectroscopic types, decimally sub- 
divided. The advantage of a classification based on spectra is obvious, 
for the spectrum of a substance or of a star (a conglomeration of 
substances) is determined by its chemical and physical nature, and 
thus two stars with similar spectra are also similar in the most im- 
portant and fundamental respects. In the same way, a classification of 
the animal kingdom according to skeletal structure is more funda- 
mental, and therefore of greater value, than one depending upon some 
unsignificant characteristic such as, let us say, color of skin or hair. 

The Draper classification is of the utmost importance in the under- 
standing of modern stellar physics, and without some knowledge of it 
the general reader will miss much of the significance of the fact and 
theory of this great branch of astronomy. Over 99 per cent of all the 
stars whose spectra have been classified a total of over a quarter of 
a million fall into six of the twelve Harvard types. These are desig- 

nafp 4Jit..Ai.iiE fc^..^LI!Ap2r^ since stars of the remaining six types 

are of such infrequent occurrence we may profitably, with one excep- 
tion, neglect them in this outline account. 
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Type B: All stars of this type are J)luish-w|i^g in color, and their 
surf ac?Temper of iQjObo^TC The typical spectrum 

consists of a continuous backgrounaupon which are superimposed 
several prominent absorption lines; although ionized oxygen and 
nitrogen have been identified, these are primarily due to helium. 
For this reason, stars of type B are often called Helium stars. This 
name is, however, liable to lead to confusion, since the primary factor 
in the production of spectral differences among the stars is not con- 
stitution but temperature. For this reason, such names as 'Helium 
stars,' 'Calcium stars' and the like, should be taken as describing 
spectra and not the stars themselves. 

Type-A-: Tlrese-staffl are of a. yg^lowgr tint than those of type B, 
though the majority of them are still whitish; their surface tempera- 
tures are of the order of 10,000 K. The strong absorptions of helium 
have been replaced by those oFTiydrogen, and faint ionized metallic 
lines are present in some instances. Sirius is a typical example, and 
the members of this type are sometimes known as Sirian, or Hydro- 
gen, stars. 

Type F : Typically ^yellowish-white stars, with temperatures of 
about 7000 K., of which Procyon is an example. Just as the helium 
absorptions which characterized type B had faded in type A, so now 
the hydrogen lines of the latter are relatively inconspicuous. In their 
place the metallic lines which appeared faint in type A have risen 
to prominence; the lines of calcium are particularly prominent. 
F-type stars are known also as Calcium, or Procyon, stars. 

Type G: YelJj^^taTs, of which the sun is a typical example. The 
spectrum is characterized by the very great number of neutral 
metallic absorption lines that it contains. The hydrogen lines typical 
of type A are even fainter than they were in the Procyon stars, while 
the calcium absorptions in the violet are very strong. G-type stars 
are often referred to as Solar stars. The sun's temperature of rather 
less than 6000 K. is typical. 

Type ^^CS^^^ ftafflS wif k temperatures of about 4000 K., 
of which Arcturus is an example. The hydrogen lines are once again 
fainter than in the preceding type, the absorptions due to ionized 
calcium now being at their maximum intensity. The characteristic 
feature of these spectra is the presence of absorptions due to carbon 
and certain of its compounds; in this respect they are reminiscent 
of spot spectra. Type K stars are known also as Arcturian, or Red- 
Solar, stars. 
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Type JM: R^.^tars^witk temperatures of 3000 K.~ orHbwer; 

Antares.is anexample*. The fluted bands which first appeared in the 

last type are here much stronger, while the high temperature lines 

have disappeared. 

The P-type stars must be mentioned at this stage, for although they 
are of little account numerically, yet their abnormally high luminosities 
have already drawn them into the discussion at several points. This 
great intrinsic brightness derives from their JjigLlempeTaturca; 1 which 
range up to at ]pn ^J/W *v At such a temperature, metallic lines 
would only occur in wave-lengths too short to penetrate the terrestrial 
atmosphere, and they are in fact absent from O-type spectra. Charac- 
teristic, however, are lines of ionized helium, doubly ionized oxygen 
and nitrogen, and trebly ionized oxygen. 

PRELIMINARY DEDUCTIONS FROM THE HARVARD SEQUENCE 

Perhaps the most remarkable thing about this sequence of types from 
B to M is the gradual transition both of the color and of the spectra of 
the stars throughout it. Blue- white- merges-- -into -whitCy white onto 
yellowish-white, into pure yellow, into orange, and finally into red. In 
the same way we find a progressive fading of certain absorptions and 
their replacement by new ones. Bands which characterize one type and 
are strongest in it have faded in the next type and are fainter still, or 
non-existent, in the next. The discussion of the significance of this 
feature of the Harvard Sequence must, however, be left till later. 

In the meantime it should be noted that the discovery of the con- 
ditioning of the spectrum of a substance by its chemical composition 
and physical condition allows us to make two presuppositions regard- 
ing the stars that fall within these six classes of the sequence; that is 
to say, regarding 99 per cent of all stars, (i) We should expect the 
chemical composition, as well as such physical properties as tempera- 
ture and mass, of all stars of the same type to be very similar, and (ii) 
since the spectra change gradually from type to type without any 
sharp breaks in the continuity of the sequence, we should expect the 
physical properties of the stars in adjacent types to be more nearly 
similar to one another than to those of stars belonging to more remote 
types. Arcturian and Antarian stars, for instance, resemble one another 
more closely than either resemble Solar stars or, even more, B-type 
stars. Both these presuppositions have been verified observationally. 
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STELLAR TEMPERATURES 

We saw in Chapter vi that the temperature of a body which is too 
distant for direct investigation with a thermometer or thermocouple 
can be determined spectroscopically in two ways, (i) The brightness 
of the continuous background is not uniform in all regions of the 
spectrum; furthermore, the position of the zone of maximum intensity 
is dependent upon the temperature of the radiating source. The higher 
tcrrjg^r.ature, the_.nearer to the violet r or 



spectrum doe^Jt^og^^ 4iio. 

redend. (ii) Not only is polychromatic radiation affected in recog- 
nizable ways by temperature, but monochromatic radiation likewise. 
That is, the absorption lines in a spectrum, each caused by radiation 
of a single wave-length, are modified by the temperature of the source 
of the radiation. Comparison of the stellar spectrum with the flame, 
arc, and spark spectrograms obtained experimentally allow the tempera- 
ture of the radiating surface layers of the star to be estimated. 

By these and similar means it has been possible to verify our two 
suppositions in regard to temperature. It has been found that there is 
a steady temperature change along the sequence the direction of the 
change being a drop from B toward M and also that the temperatures 
of all stars of the same spectral type are of the same order; in other 
words, the _spectral dassjjjsatipn. i g -ftlq** ft ffunperaitu rC-jJa55iK.atJQB t. 
The hottest Bttype^star&^ of about 23,000 K.,,, while 

thar^of the coolest M-type stars is about 2500. The highest tempera- 
ture of any star yet precisely investigated is that of Plaskett's star, about 
28,000, although stars of type O normally have temperatures in the 
neighborhood of 40,000 or more. At the other end of the scale there 
are certain stars of types which we have not mentioned, with tempera- 
tures as low as 2000. These figures represent, with infrequent excep- 
tions, the limits of observed stellar surface temperature. It is to be noted 
that stars whose temperatures are lower than about 2000 may well 
exist, for at such temperatures they would be non-incandescent and 
consequently we could not expect them to be visible.* 



STELLAR COLORS 



Since star colors are directly dependent upon temperature, it might 
be well to interpolate at this point a word on the connection between 

* Aurigae, the coolest known star, has an estimated surface temperature of 
1700; the greater part of its radiation lies in the infra-red, i.e. is invisible. 
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color and spectroscopic type. Everyday experience demonstrates that 
as a lump of metal an iron poker, for instance is heated, it passes 
through the successive stages of non-incandescence, cjull red heat, red 
heat, yellow heat, and finally white heat. If we had studied its spectrum 
throughout the changes we should have observed the.. .brightest zone 
of the jcpntinuqus background passing steadily from the red toward 
the violet end of the spectrum. This common knowledge might have 
led the reader to guess that the temperature is falling steadily along 
the sequence from B to M, for we have seen that the color change in 
this direction is the exact reverse of that just described for the poker. 
Since the temperature drop along the sequence is gradual, it follows 
that all tints of the color range from a blue-white heat to a dull red 
heat are represented. The following table shows the nature of this cor- 
relation between color and spectral type: 



Type 


Color 


Percentage occurrence of 
stars bright enough to be 
visible to the naked eye 


B 
A 


Bluisji-whitc 
Pure wjjjj| 


16.6 

26.8 


F 
G 


Xfillfl^ish- whi te 


9.8 

II. 2 


K 
M 

( R 

IN 


Deep yoUaw or orange 
Orange-red 
Even^dggrper red 
Even Deeper red 


26.0 

9-6 
Negligible 
Negligible 



The reader may be surprised to learn that stars of these conspicuous 
colors exist, for the majority of those visible to the naked eye appear 
to be of a nondescript white tint. This is due mainly to the fact that 
most of the reddish stars are faint, as can be seen from the third column 
in the above table. Antares is, indeed, the only conspicuous example 
of a really deeply tinted star. The colors of the majority of stars are 
various tints of yellow or white, but the difference between, for ex- 
ample, Sirius or Vega (pure white) and Arcturus (yellow) may be 
seen at a glance. Greenish and bluish stars also exist, but, with one 
exception, they resemble the deep red stars in being faint. The one 
exception mentioned is the star known as (5 Librae, a tolerably bright 
green star. 



THE SUN AND THE STARS 249 

STELLAR LUMINOSITIES 

The luminosity or real brightness (as distinct from the apparent bright- 
ness) of a star may be determined in several ways. Just as, having dis- 
covered the distance of the sun, we can calculate its linear diameter 
from its observed apparent diameter, so in an analagous way, having 
once discovered a star's distance, we can calculate its real brightness 
from its apparent brightness. The apparent brightness of a star clearly 
depends upon two factors: its distance from the earth and its real 
brightness. Without knowing one we cannot discover the other. The 
fact that two stars appear to be equally bright is no evidence of their 
really being so, for one may be twice or a hundred times as distant as 
the other. But once we know their distances a simple calculation will 
give us their real brightnesses. To facilitate this, the conception of 
absolute magnitudes was introduced, as explained in an earlier chapter. 
Besides the absolute-magnitude scale, luminosity may be expressed 
by a figure which compares it with that of the sun. Thus a star whose 
Inminnyry jf T ^ ; - *m timn a * ^PIP 0118 as the sun, a star with a 
luminrnity nf ftiHr rrnr fifth as ly* nr>ITg as feSJ? u i n ? ap< l sn "fl lf hns 
Been found that the range of luminosity is greater than that of almost 
any other stellar property. It varies from about 0.000002, the luminosity 
(discovered in 1944) of the companion of the star whose catalogue 
number is B* D.+4 4048, to about 300,000, the maximum luminosity 
of a variable star named S Doradus. 

VISUAL BINARIES 

The basic observation in the determination of stellar mass is that of 
the binary star, of which something must now be said. A careful study 
of the night sky with the naked eye will soon reveal a number of pairs 
of stars, the two components of which appear to be very close to one 
another. Telescopic observation shows that they are comparatively 
common objects. We might at first be led to assume that in each such 
case the two stars really are near one another in space, as they certainly 
appear to be. But a moment's thought will show that this need not 
necessarily be so, for the sun and moon appear to be close together at 
solar eclipses although the moon is nearly four hundred times nearer 
the earth than the sun. Thus if two stars happen to lie close to the 
observer's line of vision that is, in nearly the same direction from the 
earth their angular separation will be small even if one is a hundred 
times more distant than the other. Angular proximity between two 
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stars on the star sphere is not, therefore, sufficient evidence for their 
binary nature; the relationship may be purely optical. 

There are, however, two ways in which a binary system may be 
distinguished from an optical double. sFjy 



^ 



Even if no trace of orbital motion can 



ofrhe two como 




detected, we may be tolerably certain that the two stars form a binary 
system if they have a common proper motion. For the chances against 
two unrelated stars which happen to appear close together as seen from 
the earth having an identical proper motion, both as regards direction 
and speed, their real velocities being graded to their respective dis- 
tances from the sun, are too enormous to permit us to appeal to 
coincidence. 

STELLAR MASS FROM THE OBSERVATION OF BINARIES 

The study of binaries has provided us with the fundamentals of our 
knowledge concerning stellar mass. If the distance of a binary system 
is known, its linear size may quickly be calculated from its angular size; 
furthermore, mere observation will give the period of the components' 
mutual revolution, providing this period is not too long for their orbital 
motions to be perceojijple. Wil.b ....... tbgjSP tw Q data.-*-the li 



period g>fthej|- t revolution about Jthe 
--it is possible to deduce the J^tajjjjia^^f^ 



by means of Newton's revision of the harmonic law as enunciated 

by Kep 1 - 

For 



where 




a liacth^which, being negligible compared 



with the other quantities in the equation, may be disregarded, 
xj4rhe-cfraT^^ terms of the sun- 

earth distance, i.e. in astronomical units, 
nSJs their period in years. ^ 

If, 4 furthermore, the motion of each star relative to the center of gravity 
can be determined, their individual masses may be calculated, just as 
the mass of the moon was calculated. 
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Such work as this has shown that the limits of stellar mass are more 
circumscribed. than those of size or luminosity. The average total mass 
of a number of binary systems that have been investigated is 2.2 times 
that of the sun, the average mass of all these components only differing 
from that of the sun by 10 per cent. Stars even three times as massive 
as the sun are rare; so are stars less than one fifth as massive as the 
sun. Stars up to ten times as massive are very rare, while still more 
massive stars are quite exceptional. 

SPECTROSCOPIC BINARIES 

In addition to the more than 17,000 visual binaries known at the present 
time there are many binary stars in which ihe apimrent angular^segara- 
tion betweentjhe^^ 

telescopes of the ,,, highest. JX^ f act that such pairs do 

actually exist has been established by an interesting application of the 
spectroscope and the Doppler effect. Let us assume that we have two 
stars close enough together in space so that they are bound together 
by their mutual gravitational attraction. In order that the two stars 
shall not actually fall together both of them must be revolving about 
the common center of gravity of the pair. Unless the plane containing 
the orbital motions of the two stars is at right angles to the line of sight 
from the earth, eacJb-joLlhs^ 

and receding fromjhje.-obsefefrfe)r co.avictice in description, let us 
call one of these stars the|primar]/|jiid the other thej^fio^da^^When 
the primary is approaching the observer the secondary will be'reced- 
ing, and vice versa. We have already seen that v^lCO-*^^ 



vkdet"<eftdef ^'apectai:^^ it i^ie^Jiq&ji^ 

toward th&X<LJt we assume Mat both the primary and the secondary 
are of equal brightness the spectral lines will be alternately double 
and single. This periodic doubling of the spectroscopic lines in a star 
was first announced in 1889 at the Harvard College Observatory after 
examination of a series of spectrograms taken of the star Mizar ( 
Ursae Majoris). If the brightness of one of the stars is more than three 
or four times that of the other, as is usually the case, the spectroscopic 
lines due to the fainter star will not be seen. I^^ach,^ 



Unej^ei^hjjj^ 

f roip ^hejjed t4% J^M^^ 

' ' 
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STELLAR MASS FROM SPECTROSCOPIC BINARIES 

Except in the cases of eclipsing binaries (to be discussed below) it is 
impossible to determine the angle between the plane containing the 
two stars of a spectroscopic binary system and the line of sight. Accord- 
ingly, it is impossible to determine the complete orbit of the system 
even though the distance is known. The best that we can do is make 
a statistical assumption that the orbit plane is inclined at an angle of 
45 to the line of sight. With this assumption and a knowledge of the 
distance of the pair we can make an estimate of the combined mass of 
the system, since the period is known. Results indicate that the masses 
of the spectroscopic binaries are of the same order of magnitude as 
those discussed above for the visual binaries. 

The relative sizes of the shifts of the two sets of lines (where both 
are visible) give the relative line-of-sight velocities of the two stars, 
therefore also their relative distances from the center of gravity, and 
therefore their relative masses. If, for example, the shift of one set of 
lines is seven tenths as large as that of the other, then, 

(a) line-of-sight velocity of star A: line-of-sight velocity of star 
B=7:io, 

(b) linear distance of A from center of gravity: linear distance of 
B from center of gravity =7:10, 

(c) mass of A: mass of 6=7:10. 

Only the relative masses of the two components of a spectroscopic 
binary can be deduced, since the orbit cannot be completely recon- 
structed owing to our ignorance of its inclination to the line of sight. 

STELLAR MASS FROM ECLIPSING BINARIES 

We shall see when we come to discuss eclipsing binaries, that in some 
cases the inclination of the orbit plane to the line-of-sight may be ac- 
curately determined. In such cases, since the line-of-sight velocities of 
the two are determined in linear units, the linear size of their orbits 
may be found. If any method is available for determining the angular 

t^ 

the distajnce of thejsjrstem. The Jj^jgd 
about the center or gravity is given by the 
its j^ectrum to tray^Lia^^ to- 



thence 
back to the red again. From the period and the linear separation of 



THE SUN AND THE STARS 253 

the two stars, their combined mass can be calculated, as we saw a few 
pages back. And knowing both the combined mass and the relation 
in which each stands to the other (7:10 in the example), we arrive at 
the individual mass of each star. 

FURTHER DATA FROM ECLIPSING BINARIES 

It is interesting at this point to note how much information the ingenu- 
ity of the modern astronomer is capable of deriving from the study of 
these eclipsing binary systems. Knowing the Components' disfopce. 

fja^ij* /v> m rYi.n F*r\ -^i.on o j*/ a rt t tri o .IJTI i,tl ,1/1 /?. ______ oif 



in terms of the abs 



scale or as compared with that af the sun, by means of the inverse- 
square law. The surface temperatures of the stars can be measured 
spectroscopically, and this, combined with their luminosity, takes us 
one step further to the linear surface area which would be required 
to produce the observed brightness. From the surface area, the diameter 
is quickly calculated. And finally, from the linear sizes and masses, 
their densities can (as we shall see shortly) be derived. 

Let us summarize the results of this chain of astronomical detective 
work: the following dataJia^fr hfefen ..... dftdmJJojUL^ 
which we^J^vj^J^ : 

/j^^ 



J^hiLalj^J^ 

Combined and in^mduaLma^es^ 
^ Li near s^niti^ 
Distance, 

ra, w>..m.w~JIf 

Ak* !- ^*^^ loiBficia,l;,W" e 5 

..Linear ,diaJSQfiff> 
Densities. 

Bearing in mind Kepler's third law, and the fact that the com- 
ponents of a spectroscopic binary are nearer to one another than the 
components of a visual binary, we should expect to find that the periods 
of spectroscopic binaries are shorter than those of the wider pairs which 
can be resolved visually. This has been found to be so; the shortest 
period of those binaries so far investigated is the two and a quarter 
hours of Y Ursae Minoris; the upper limit merges into the shortest 
periods of the visual binaries, there being a smooth transition of period 
from a few hours to several thousand years. At the lower end of this 
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sequence are the spectroscopic binaries, and at the upper the widest 
visual pairs. 



STELLAR SIZ^E 

The 



depend upon two factors : the, brightness 
of jts mcajgdescgnt .sjus&wse, and the amount thercas.olit* Increase both, 



and the luminosity will increase; decrease both, and it will decrease; 
while an increase in one may just counterbalance a decrease in the 
other, the luminosity remaining unchanged. This relationship may 
be crudely expressed in the form 

Surface brightness X Surf aceju^=Lumm^ 

We have already seen (Chapter vi) that the surface brightness of a 
black body varies as the fourth power of the temperature, for radiation 
in all wave-lengths. It follows, therefore, thatjfjvej^ 
mt_(pr the color inde^jjEu^tj^ 

aKcnl 1 1 ^g^gnTfiigrgr^ fl-fj fojhen i f<s I i n e.a r gamete jJLS.ra kiilabk. 
" TfuTmdirect method at arriving at stellar diameters has proved to 
be of the greatest value. For both stellar temperature and absolute 
magnitude are qualities about which a considerable mass of data has 
been accumulated. 
Secondly, as just explained, stellar radii may be derived for ax.ertain 

type jofJbmagLsU^ 

A third method is valuable in that it is especially applicable to the 
class of star known as white dwarfs, so that the impossibility of apply- 
ing the interferometer (method 4, below) to these stars is mitigated. 
It is a deduction (beyond the scope of this book) from the general 
theory of relativity that the entire spectrum of a source will be dis- 
placed by an amount that varies with the value of the expression 



J^ 




. Before this method 



_ ^ 

can be put into practice, therefore, the star's mass must be discovered. 
Although the method is theoretical and highly mathematical, it is in- 
teresting to note that in the case of the sun it yields a result which 
agrees very closely with the independently ascertained figure. 

The final method of 
quires two data: its^angular^di^etsr andjjji jdisJtajQ^^ 

If we know the values of bot^t~h p<IP ** rpnili res nnlv a <;imnlp ralrnm- 
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tion to discover how great its linear diameter must be in order to 
subtend an angle of x" at a point y light years distant. Despite the 
enormous linear sizes of the stars (some have diameters running into 
hundreds of millions of miles) their distances are of such relative im- 
mensity that their angular diameters are minute. So minute, in fact, 
that not until the construction of the 200-inch telescope has it been 
possible to observe them as more than points of light. 

Even the largest telescope can show a measurable disk for only the 
very largest and nearest stars. I n order ..... to^et^r m^ of 

hg jnodcjof .behavior of light. Joiown 



is i n tcrfer e nr -g- mus*- ^ jitiliszcd, If light from a source is split into two 
^eams and then recombined, these two rays will, under certain circum- 
stances, interfere with one another with the production of a characteris- 
:ic effect. To avoid going into too detailed and technical an explanation 
:>f the phenomenon of interference, it will be enough to take a specific 
example. Suppose that the upper end of a telescope is covered with a 
screen in which two fine slits, some distance apart, are cut. Then light 
from a sowce in front of the telescope will be split into two beards, 
each passiufiLthrouigh one of the slits, which are made to converge by 
the object jjlass ; to a focus in the plane of the eyepiece. The result r^ 

this corabiaiiiSJ 1 e two ra ^ s at ^ e ^ ocus ^ t ' ie kJ ect l ass i& ^ 

formation of iylglliSiL^^^ildJbtifiil^ *he i ma g e ^ the slits. 

These are known as interference fringes and their formation depends 
upfloltb^^ ,o ,wave systems. 

Now the appearance of the fringes depends *f or a given source, upon 
the distance separating the slits. Adjustment of the positions of the 
slits will reveal the fact that at a certain distance apart the fringes will 
disappear. It can be proved, and verified experimentally, that this dis- 
tance is related in a certain known way to the diameter of the source 
of the radiation. 

This is the principle of the interferometer constructed and used at 
Mt. Wilson. By its means the angular diameters of a dozen stars of 
known distance have been measured, and from these data their linear 
diameters derived. The diameters of these twelve stars range from 12 to 
500 times that of the sun. The diameters of at least four are larger 
than that of the orbit of Mars. They are Mira (o Ceti), Betelgeux (a 
Orionis), Ras Algethi ( Herculis), and Antares (a Scorpii), and their 
linear diameters together with those of two other giants are given in 
the table below: 
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DIAMETER COMPARED 
STAR DIAMETER IN MILES WITH THAT OF THE SUN 

o Ceti 43Xio 8 500 

a Orionis 3 . 9 X i o 8 450 

a Herculis 3 . 5 X i o 8 400 

aScorpii 2.5Xio 8 290 

a Tauri 2.9Xio 7 34 

a Bootis 2.iXio 7 24 

The star Aurigae is worthy of mention at this point. It is a variable, a 
star whose brightness fluctuates. As recently as 1937 Struve and others 
have shown that in reality it consists of a close pair of stars, in mutual 
revolution, and that the brighter is some 3000 times larger than the sun : 
if it were placed at the center of the solar system, where the sun now 
is, its surface would lie between the orbits of Saturn and Uranus! It is 
also an interesting object in that it is both the most rarefied and the 
coolest (1700 K.) star known. 

These stars which we have just been discussing are of course sit- 
uated at the upper end of the range of stellar size. A more balanced 
conception of average stellar size is obtained from eclipsing binaries. 
The mean diameter of twenty-eight stars of this type is a little less than 
three times that of the sun. This result is substantiated by the indirect 
methods, already described; these indicate that the average size of stars 
throughout the galaxy is even lower than that derived from studies of 
the eclipsing binaries. 

The angular subtention of the smallest stars is too minute for meas- 
urement by the interferometer, and the first method that depending 
upon surface temperature and luminosity must be employed. The 
smallest stars of all belong to the class known as the white dwarfs, 
and are considerably smaller than the sun. The following table illus- 
trates this lower limit of stellar size: 

DIAMETER COMPARED COMPARED WITH 

STAR IN MILES WITH THE SUN THE PLANETS 

Sirius B 30,000 0.034 3^Xearth 

Procyon B 7,000 0.008 less than earth 

o Ceti B 155,000 o. 178 about that of Saturn 

STELLAR DENSITIES 

as^H^^iw-^n fltnp flfi&.k^^ 
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. . mass 

\ density = ; 

\ I J volume. / 

X ^HiHllnauiUi-J r.,,~.- . N ,~ ,.<* 

We have learned that whereas the masses ofjiitferent stars are confined 
within rather narrow limits",' ffe^r--oturnes vary gigantically: the 
smallest stars are comparable with the earth, while the diameters of 
the giants are in certain cases comparable with that of the solar system, 
It follows that stellar density must likewise vary within very wide 
limits. The mean density of such a giant as Antares is only about 0.03 
per cent that of ordinary air; a supergiant like e Aurigae would be 
even more rarefied probably about 3Xio~~ 9 times water. At the other 
end of the scale, among the dwarfs, where volume has decreased out 
of all proportion to mass, densities of the order of 50,000 times that of 
water are encountered. How matter can be compressed sufficiently to 
yield such densities will be discussed later. 

Having reviewed the methods and results of studying the observable 
stellar characteristics, reference must be made to two fundamental 
relationships which connect, respectively, spectral type and mass with 
luminosity. 

THE SPECTRAL TYPE-LUMINOSITY RELATION (RUSSELL DIAGRAM) 

In 1913 Russell first produced the diagram that represents one of the 
most fundamental forms in which astrophysical data may be arranged, 
He arranged the luminosities of those stars for which data were avail- 
able, in order of spectroscopic type. As soon as this was done, it became 
apparent that these two observablcs type and luminosit:yj=s-wcre inti- 
mately connected one with another. Trie nature of tnis interdependence 
is most clearly brought out when it is presented in graphical form. If 
a blank is prepared, the axes representing spectral type and luminosity 
respectively (see Fig. 50), and the position of each star marked with 
a dot thus one whose type is G and absolute magnitude +5, would be 
represented by a point at the intersection of the horizontal line from 
+5 and the vertical line from G then the disposition of these dots is 
not random. On the contrary, they cluster about two zones or lines, the 
first crossing the diagram obliquely from the top left-hand toward the 
bottom right-hand corner, the second branching off about two thirds 
of the way up the first and thence running out toward the upper right- 
hand corner of the diagram. 

Let us inquire more closely into the significance of this two-branched 
rKcf-riVmtinn. gtflj-s .at % frnp nf tVie rlyft-mn^ are ... of high luminosity 
irrespective of type, and those ** % bftltgffl QJ iffl^ff 7 ^^ f tOTP ^ fr fr 
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( to M) the starbccomesj^ogressiv^ 

" 



irrespective of luminosrtyr T^e"^^ the main zone 

about which the points cluster that crossing the diagram diagonally 
we see that jJas^edder a sj^^ lummosity. Reading 



oil approximate values from the axes, we may derive the following 
values : 



TYPE ABSOLUTE MAGNITUDE 

B -2.5 
A +0.5 
F +2.5 

G 4-4-5 
K +6.0 
M 4-10.0 
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This primary zone is known k$ AjJSHiB^-^S^BSSa, anc ^ stars which 
lie on or close to it, as main sequence stars. About two thirds of the 
stars whose luminosities and spectral types have been accurately deter- 
mined lie within i magnitude of the curve that the plotted points 
define. 

The second branch of the diagram is particularly interesting. The 
plotted points of the Russell diagram are not in fact confined precisely 
to the two main branches, any more than the bullets of a good shot are 
confined exclusively to the bull's-eye, though they will be clearly con- 
centrated upon this point. We have seen that in the case of the main 
sequence there is in fact an impressive concentration upon the curve 
defined by them. But in the second branch the crowding upon the 
central curve (marked, like the main sequence, by a continuous line 
in Fig. 50) is less clearly marked, and to a certain extent points occur 
over the whole area which is roughly indicated by the broken line, 
though progressively less frequently at greater distances from the cen- 
tral zone. 

Let us consider what this distribution implies in terms of luminosity. 
All B-type stars are of much the same intrinsic brightness, the limiting 
absolute magnitudes being about 3 and +i. For each succeeding 
type, however, the range of luminosity increases; the extreme case is 
provided by the M-type stars, the vast majority of which (those be- 
longing to the main sequence) have absolute magnitudes in the region 
of -f~ 12 ? though very much more luminous stars of the same type are 
infrequently encountered, up to absolute magnitudes of about 2. All 
the high luminosity stars are of course represented in the diagram by 
scattered points lying above the main sequence. 

Thus, whereas red stars may be divided into two groups those with 
high and those with low absolute magnitudes this distinction becomes 
less and less clearly marked as we move back along the main sequence 
toward type B. Hertz^jjong had drawn attention to the dichotomy 
among red stars 2^Iong ago as 1905, when he namedjhe wo groupr 
'giants* and 'dwgr js^respectively. But it was not until Russell investi 
gated^ spectral type and luminosity, eight years 

later, that this division was also applicable, though in a decreasing de- 
gree, to the yellow and blue stars. 

The terms 'giant' and 'dwarf have subsequently come to be used in 
a rather different sense, Hertzsprung's ,j^arf^jio\g_bging. kflown as 
s, the term 'dwarf being kept for a special class of 



stars which we shall consider shortly, and the term 'giant* 
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eralfy ^ tfap- rnflitvseqiifimze 

tve> ltC ' to tnose stars lyi n g we 'l above the main 



. 

sequence on the Russell diagram, in the area so labeled (Fig. 50). As 

can be seen from the figure, the main zone of the giants branches away 
from the main sequence roughly at right angles to the luminosity axis: 
in other words, the giants, unlike the main-sequence stars, are all of 
the same order of luminosity several hundred times that of the sun. 
We shall learn presently that the term 'giant/ though originally based 
solely upon luminosity, is particularly appropriate in that these stars 
are also more massive than the stars originally termed 'dwarfs.' 

WHITE DWARFS 

The third occupied area of the Russell diagram lies well below, and 
separated from, the main sequence, where a few scattered points record 
the existence of the peculiar class of star known as white dwarfs.* In 



rirlnnnnr tn thr l an n ^ n ^ v a hand- 



ful of white dwarfs have so far been discovered: this, however, does 
not necessarily indicate that they are of rare occurrence, but rather re- 
flects the fact that owing to their exceedingly low luminosities only 
those in the immediate vicinity of the sun are likely to be detected. 

The following table demonstrates their low luminosities and the 
apparent faint ness which goes with them; all five stars are nearer than 
about 80 light years: 

EQUIVALENT 
MAIN SEQUENCE 

ABSOLUTE ABSOLUTE VISUAL 

STAR MAGNITUDE MAGNITUDE MAGNITUDE 

Sirius B +n-3 +2.5 +8.4 

Procyon B 16.0 (2.5) 13.5 

o Ccti B 7.5 o.o 9.6 

40 Eridani B 11.2 0.6 9.7 

van Maanen's Star 14.3 2.5 12.3 

The investigation of the nature of the white dwarf, Sirius B, illus- 
trates well the Holmesian procedure which the astronomer follows in 
discovering the mass, luminosity, density, size, and other properties of 

*Properly so called, in the modern terminology. The stars that used to be 
known as 'red dwarfs' are those lying at the bottom of the main sequence, i.e 
main-sequence M-type stars. 
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a star, Sjfjjjg itself is a comparatively near neighbor, so that the paral- 
lactic method gives accurate results: its distance is 8.8 light years. Its 
spectral type is early A; f ^ 1lc 1 ^ ~"* 



_ . 

termined spectroscopically) of some 10,000. Since we know its distance 
we can calculate the linear dimensionis of the orbit of its companion 
from its angular dimensions. Thus we can discover that Sirius B re- 
volves about its primary in an orbit of about the same size as that of 
Uranus about the sun; its period is 49 years. Hence it may be deduced 
that the combined masses of the two stars is 3.5 times that of the sun. 
Thus: 



where ^=a universal constant, 

# =the mean separation of the components, 
P=the period of revolution. 

In the case of Sirius, observation gives P 49 years and a=.^f f jy^. This 
angular separation at a distance of 8.8 light years is equivalent to a 
linear separation 20.4 times as great as that between the earth and the 
sun. Hence, substituting in the equation, 




As we have seen, .an investigation ^f the absolute orbits of the two 




Sirius B turns out to be one third as great as that of its primary; yet it 
is very much fainter, only emitting one ten-thousandth as much visible 
radiation as Sirius A. In other words, its mass is 85 per cent that of the 
sun while its luminosity is less than l / 3 per cent. The obvious conclu- 
sion to be drawn from this is that it is a very low temperature star, 
radiating much less intensely than either the sun or Sirius A. But it 
has been found that its spectrum is almost identical with that of Sirius 
A; that is, it is an A-type star, and must consequently have a consider- 
ably higher temperature than the sun. This being so, the only way to 
account for its faintness is to assume that it is very small. Calculation 
based on this assumption shows that it cannot have a diameter of more 
than about 25,000 miles. It is thus a body whose volume is about 27 
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times that of the earth, and diameter about 3 times that of the earth. 
Yet its mass is 250,000 times the earth's. From which it follows that its 
density is some 40,000 times as great as that of water: i cubic inch of 
the matter of Sirius B would weigh a ton. Even this fantastic figure is 
surpassed by some other white dwarfs : the type F dwarf known as van 
Maanen's star has an estimated density of several million times that of 
water, while the density of another, discovered by Kuiper, is estimated 
by him to be in the region of 40 million times that of water! 

The position of the red dwarfs at the end of the main sequence ap- 
pears to be secure, but the place of the B, A, and F white dwarfs in the 
stellar evolutionary process is unknown. All that can be said is that they 
resemble the red, main-sequence stars as regards size and mass, while 
differing from them in the matter of their higher temperatures and 
therefore whiter color. 



THE MASS-LUMINOSITY RELATION 



The second important relationship that has been found to exist be- 
tween the observable stellar characteristics which we have already re- 
viewed is that between mass and luminosity. Once a sufficient number 
of binaries had been studied, it was possible to treat their data statis- 
tically, and in 1924 Eddington pointed out that if the masses and 
luminosities of these stars were plotted against one another, the re- 
sultant pattern was a smooth curve. Hence we learn that the ma^ ^"^ 
the luminosity of a <^tar are in some way interdependent. Roughly 
speaking, theTelation between them is such that if the masses of two 
stars are in the ratio 2 : i, their luminosities will be as 10 : i. Mass and 
luminosity are directly proportional to one another: a star whose abso- 
lute magnitude ....... is 2.5 will be about twelve times as massive as the 

sun; one whose absolute magnitude is -(-4.8 will be equally massive 
as the sun; and one whose absolute magnitude is -j~ 10 will have only 
about one third the sun's mass. This relation holds good irrespective 
of spectral type and of temperature: thus, for example, a star of abso- 
lute magnitude o.o will be about four times as massive as the sun, no 
matter whether it be a white, type-A star of the main sequence or a 
reddish, K-type giant. 

Combining this new knowledge with the already ascertained rela- 
tion between spectral type and luminosity illustrated in the Russell 
diagram, it is clear that stellar 




the jength of the main"j;e^en^ ...... to M. whereas among the 

giants it maln^ a tolerably steady value. 
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One notable exception to the mass-luminosity relation is the white 
dwarfs. These are uniformly too massive for their luminosities. As an 
instance of this, we have already seen that the mass of Sirius B is more 
than three quarters that of the sun, while its luminosity is less than 
three thousandths of the sun's. 

Had the investigation of stellar mass been confined to binaries, only 
a comparatively small amount of data could have been accumulated. 
But it was nevertheless sufficient to open up, by disclosing the mass- 
luminosity relation, a very much wider field. Once the relationship has 
been expressed in graphical form, it is only necessary to drop a per- 
pendicular from the appropriate point on the luminosity axis to the 
curve for the mass to be read off with a probable maximum error of 20 
per cent in the case of any star, binary or otherwise, whose luminosity 
is already known. This welcome extension of the field of operations 
substantiates the conclusion drawn from work in the more restricted 
arena of binary stars: that the masses of the vast majority of stars are 
not startlingly different from one another, differing at most by a factor 
of 200. 







From what we have just learned of the mass-luminosity relation we 
should expect that there might be found some distinctive spectro- 
scopic differences between the highly luminous giants and the com- 
paratively dim 'dwarfs' of the main sequence, particularly the lower 
end of the main sequence. For whereas the mas^fi of *kr rjnntii htrrr 
been shown to be of the ordef of fifty \\^* tW,* rf t-lie Hwarfs f w^ 

.have already SCeil that tf]fir raA\\*rt* cnmp hnr^jwfa Of PVPH thnnsanHs 

of times as great . f Hence the force ofLgravity at the surfaces oi the 
highly rarefied giants will be, compared with the dwarfs and despite 
the giants' greater masses, JnfiniteMmal. We have seen in Chapter vi 
that ionization is favored noRm^by an increase of temperature, but 
also by reduced pressure. It follows, therefore, that .a more : ad yanced 

in frVif* atmnQpVip^ nf ? g 1>anf 



JJlJthflLflf n dwarf nf tho nnnif ir^M-i'mr^pir tyf p " nnr ^ t'hnt tmf] fihnnld 
| j n t nff 



Such has actually been found to be the case: briefly, n ithr Inmin 
osity of a starjncreascs, certain lines in its spectrum increase in in- 
tensity ? _while_others weaken^ Adams and Kohlschiitter in 
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couldJbttuatilia4^ ...... dedacerthg ......... riintincr ..oLany star briht enough to 



hr H ;ctir> rtly p 



served condition of the crucial lines its absolute magnitude could be 
read off the curve, and a comparison of this with its apparent magni- 
tude led straight to its distance by means of the formula, 



This, one of the most surprising and extraordinary developments of 
recent astrophysics, has proved a powerful weapon in the hands of the 
astronomer. Thousands of spectroscopic parallaxes have now been de- 
termined, many of which would never have been discovered had the 
only available method been that of trigonometrical parallax. Neverthe- 
less, the resources of spectroscopic parallax have today been rather ex- 
haustively explored, and the spotlight has shifted to other of the 
methods, of wider application, described in Chapter iv. Within its limits 
and it cannot be profitably applied to the upper half of the main 
sequence it is reliable; indeed, beyond a certain distance (some 65 
light years) it is more accurate than the photographic method. For 
whereas the margin of inaccuracy in the latter method widens with in- 
creasing distance, the error in the spectroscopic is constant and in- 
dependent of the smallness of the parallax, being a slight indefiniteness 
in the calibration of the curves themselves, which results in a uniform 
uncertainty of about 0.5 absolute magnitudes. This is equivalent to an 
error in the derived parallax of about 20 per cent. The percentage error 
to be expected has been arrived at by determining the spectroscopic 
parallaxes of stars, other than those employed in the calibration, whose 
trigonometrical parallaxes were already known; the correspondence be- 
tween the two was found to be reasonably close. 

THE SUN AS A STAR 

Once we have arrived at some idea ortfie range of stellar sizes, lumin- 
osities, temperatures, and other characteristics, the conclusion is forced 
upon us that th B U l nisa.yery^ 



d ^nn^inn nf 



any other ryflffif V^jgrinirnnhr^^ 1 essence of the sun's 
stellar status is contained in the simple statement that it is a G-tygc 
main sequence, i.e. it is situata^'ab^ut midway between me 
luc gianf^ on the one hand and the /reef dwarr| nn the other: all ,Qiher 
azures ffillow from that. V^T .^*S 

The sun's mediocrity can best be demonstrated by tabulating the 
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maximum and minimum normal values for the different stellar char- 
acteristics, adjusted in each case to bring the solar value to unity (the 
figures are necessarily approximate) : 



(Sun i) 



MINIMUM 
0.4 

. OOOOO2 

O.I 

0.01 

o . 0000003 



CHARACTERISTIC MAXIMUM 

Temperature ... 5 

Luminosity . . . 50,000 

Mass .... 10 

Linear diameter . . 500 

Density .... 400,000 

VARIABLE STARS 

One further stellar characteristic must be mentioned variability. A 
very large number of stars vary in apparent brightness: this may be 
intrinsic in the star i.e. its luminosity is variable or may be ex- 
trinsic. In the latter case the star cannot truly be considered as variable; 
such stars have already been mentioned in connection with the de- 
termination of stellar mass : they are the eclipsing binaries. 



The types of variation exhibited by different variable stars are diverse, 
but several general types may be distinguished. The simplest way to 
JtfllfV tbp ^hflYJflr ^ a variable is to note its magnitude at ^ fflif* n * 
intervals, spaced according to the period of variation frnnr^ 



__________ esfofljjfle Time 

and Magnitude. This curve will be a direct representation of the star's 
changing brightness and the magnitude of the star at any instant dur- 
ing the period covered may be read off at will. Such a curve is known 
as a light curve and Fig. 51 is^ an example. The data plotted is for the 
star Algol ((5 Persei) obtained by Stebbins from photoelectric measure- 
ments. Even a cursory glance at the curve will yield a considerable 
amount of information regarding the binary system involved. In the 
first place, since the duration of minimum light is very short, the eclipse 
must be partial; were the eclipse central (i.e. total or annular) the 
magnitude at minimum would remain fairly constant for an appreciable 
time before mounting toward maximum again. The appearance of the 
shallow secondary minimum indicates that one of the two stars_ii 
Igrj flflfl Hie tact that the light curve rises {i.e. the 
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is approached indicate^ that the fainter component is illuminated by 
Hhf light fmrn the brighter star and is approaching fulfphase (as 
"JnYfri frnm ^ ^ rf M jmt before it passes behind the brighter star. 
Detailed mathematical analysis of the curve yields a large amount of 
information regarding such things as the inclination of the orbit plane 
to the line-of-sight, the relative sizes and brightnesses of the two mem- 
bers of the system, et cetera. The insert in Fig. 51 represents, in approxi- 
mate relative scale, the orbit of such a system with the fainter star 
partially eclipsed by the brighter one. In many eclipsing binaries the two 
stars are so close to each other that tidal forces produce actual distortion 




10 



20 30 40 

Time in Hours 

Figure 51. 
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of the members of the system from spheres to ellipsoids, and careful 
study of the light curve will indicate the amount of distortion of the 
individual components. 



VARIABLE^: CEPHEIDS 



Eclipsing variables other than those that are distorted by tidal forces 
cannot be regarded as true variables, for the actual light-output of 
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each star is constant. Such vnriflti fins am** ^H^v^ f r nm Kf> ^art-Vi arp 

rlllP <J(")1plv f-r\ t"r>/^ JL*<^l^aj-3j^^-^a^^Q-L.i-g^ja.r!. /-\T til ft iSlillS ..... AfilXj ....... tiMf?i liAMQi fit^JiS Ifl QpUfPj 

But there are certain types of variables whose light curves do not permit 
of interpretation along these lines. These stars are not binaries, but 
isolated stars, and the observed variation is intrinsic, involving not only 
apparent but also absolute magnitude. We must confine our attention 
to only one of the several groups into which such variables may be 
divided the Cepheids. 

Figure 32 shows the light curve of 8 Cephei, the type star after which 
named. It exemplifies three of the most characteristic 



features of this type of star: the varia^^o fa mnnnu^i^ frhc. " se &^ 
maximum is quicker than the Jall^jjid . thf foiling- is nnf rpprpspntpd 
Tiy aj^oath cur ve. Why Cepheids should behave in this manner is not 
known, but the theory that they are pulsating stars is regarded as the 
most likely explanation. A star in such a condition would undoubtedly 
be variable, while other considerations indicate that its variation might 
well be of the Cepheid type. For example, the spectroscope shows that 
Cepheids have fluctuating radial velocities. These, however, are not of 
a type that could be accounted for on the grounds of the mutual revolu- 
tion of two stars, for the maximum brightness is attained while the 
line-of-sight motion is toward the observer, and is minimum when the 
radial velocity is positive. 

The period of a rgihn'H mr/ lie anywhere between a few hours 
and about fifty days; those whose periods are less than twelve hours 
are, as we have already learned, called cluster variables, although they 
are not entirely confined to the globular clusters. Their great intrinsic 
hrirjm}f|,ri ifi from ^h? p'jjrifll x "^wpoint of discovery c 



ll I t" i 'or* r ner ' n d-1nm i ' nng in r rrHiT 



Ticidof short period (sav 24 hours) \}** at mavimnm a luminosity about 



100 ti{nes greater than the sun: if the oefjn^ i* inrrrHTfl ^ nl y ^ far 
as 10 days, the luminosity leaps to about IQQQ rimes the sun's. 



One further class of variable deserves mention. Occasionally it happens 
that, for no ascertained reason, a faint star suddenly fr1a7.es np. to ^jn^ 
with a brilliance that may ojatrival any other object in the night sky, 
only to die down again tq its f^rrt^er insignificance. Such s^tars are called 
novae, fhf* name dates from pre-telescopic days when novae really did 
appear to be new stars, for in almost every case they are too faint to be 
seen with the naked eye before the outburst. It is now known that we 
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are concerned rather with the sudden brightening of an already 
existent star than with the birth of a new one, since the examination 
of photographs (where available, and of sufficiently low limiting 
magnitude) taken before the outburst invariably establishes the fact 
that a faint star existed in the exact position of the nova. 

Little is known of the early history of novae, for the reason that they 
are not usually noticed until well on th^ wpy to maYJrrmm brightness. 
This rise to maximum is extremely rapid, the peak usually being 
reached within a day or two (at most, several weeks) of its discovery; 
during this interval its brightness may have increased a hundred thou- 
sandfold. Maximum having been reached, the brightness at once be- 
gins to decline, rapidly at first and then more and more slowly; the 
original magnitude is reached, in typical cases, several years later. This 
decline, many times more gradual than the meteoric leap to maximum, 
is usually varied by considerable oscillations of brightness. 

It is therefore possible to summarize thf Kkt-oty nf ? *ynifia.1 P n Y? 

as follows. A "If^n f"ld SppZrfjf|]pr rjc^ ff| ft prnfpjr^nrp.. ..wfojfi}] mav 

all ifc niMorl^ r snjj hr rhr H- -* ^-.-'if** sky; Lund- 



mark calculates that at maximum the average nova is 



" The glory is short-lived, however, and gradually 
the star slips back toward its former inconspicuous level; a few years 
later it is not even visible to the naked eye. Such a story as this might 
well be told as a cautionary tale to astrologically minded dictators. 

Novae do not occur with equal frequency in all regions of the star 
sphere, but tend to congregate about the plane of the galaxy. Of thirty 
prominent novae whose positions and histories are accurately known, 



o 



1 6 lie within 10 of the galactic plane, 
23 . . . . 20 
28 .. ..30 



o 



29 .. ..40 

30 .... 50 

These figures show a sharp falling off of numbers in zones progres- 
sively farther from the plane of the Milky Way. Furthermore, novae 
tend to occur near the edges of the Milky Way rather than in its more 
central regions. 

What can be the cause of the cataclysmic conflagration that t^e 
typical nova must represent t , Four mam lines ot approach have been 
employed in an endeavor to answer this question. The first assumes 
the existence of binaries with very long periods, and also highly eccentric 
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orbits and close periastron passage; that is, the two components pass 
extremely near to one another once in each period of revolution. It is 
argued that at periastron we may suppose great tides to be raised in 
each star, possibly with tj^formattmi ui? a rhirfl hfldy; at any rate, it is 
assumed jt- ti'/Jal fi]flrnr n ^V nlliH hp r rf n f tl ' > 



two stars. The weakness of this suggested explanation is thjtt in order 
to produce anything like the appeal dnlC'TJi "SHaova, the mutual ap- 
proach of the two components at periastron would have to be very close 
indeed, and it is doubtful whether binary systems possessing at the 
same time highly eccentric orbits and a sufficiently close periastron 
passage do in fact exist. 

A more general hypothesis on the same lines supposes that when 
any two stars not necessarily the components of a binary system 
approach closely or posjjfaly rr 11; *S ftr - r<acl l1tant MtiVilY* ^llj 1 ^ 
have ^iijjp^pp^^"^^.^ n...m ^ykii* this contention may very 



well be true, it is difficult to believe that all novae are caused in this 
way. For, as we have seen, it is possible to arrive at some sort of idea 
of the density of stars in space; and this, combined with our knowledge 
of stellar motions, indicates that such stellar conjunctions must be too 
infrequent to cause all novae, bearing in mind their known rate of 
occurrence. (Though there may not be more than half a dozen bright 
novae in the course of a century, faint novae, discovered by the ex- 
amination and comparison of photographic plates, are of comparatively 
frequent occurrence.) Furthermore, it is difficult to see how, after such 
an interaction between twu sldls 1 , ualjlu"*onditions could be restored 
in the space of a few yearsT ' **** 

The third theory supposes t-hfif a stflr^djnli rir Imimnn i i m led 

into a j^ffjon occupied by dark nebulous material, andthat it causes 

ufp^itrrr^jii Minimi ,i hnnm i 111 111 n in 

incandescence rlnffrrr itr pi77l|1T ^hrougji th< 



"iere. 



This theory can claim to furnish an explanation of the preference 
shown by novae not only for the Milky Way (which is the zone both 
of the diffuse 'galactic' nebulae and also of the obscuring medium) 
but more specifically for the edges of the Milky Way. It also gives an 
explanation of some of the features of the complex spectroscopic history 
of the typical nova. It does not, however, explain all the observed 
spectroscopic changes and it is furthermore extremely unlikely that 
there exist any nebulae of sufficient density to cause the outburst. 



by 



It is the^ fourth hypothesis that is regarded with the greatest favor 
r astronomers today. Tms suggests that the nova is a perhaps abnor- 



270 QUALITY THE NATURE OF THINGS 

mal, perhaps common, perhaps inevitable stage, in the life-history of 
fiy^ry fif-iff, a or! results from changes in its internal constitution and 
structure. A rapid expansion of the internal material of the star, 
irrrnnring tr nn ** v ph cix ^ nnftmfui 1C h yp of k^iVpH This may or 
may not be the result of a sudden temperature rise, but in any case 
the outer and visible regions of the star would be 'blown out' very 
rapidly without at first rising appreciably in temperature. This would 
explain certain of the spectral changes associated with the rise to 
maximum which indicate high negative line-of-sight velocities com- 
bined with little or no alteration of temperature as indicated by change 
of type. At maximum the star would begin to shrink again, while its 
temperature would rise steadily, perhaps as far as the 50,000 mark. 
This shrinkage associated with increasing temperature would con- 
tinue until, some years after the initiation of the outburst, the star 
would be a white dwarf. 

Stated briefly and baldly in this manner, the hypothesis may sound 
like pure romancing, an ad hoc fitting of the facts, without regard to 
probability or even possibility. Nevertheless, it does appear to follow 
from the mathematical investigation of the internal structure of stars 
nfjypnfs may we]] be a fttflpr ^ vpn ^ n^racmrv 
e^-in the evolution of each individual st.ar._The whole matter is 
still in an uncertain state, however, and few astronomers would be 
bold enough to state categorically that they know what causes a star 
to burst forth as a nova. 

EXCURSION INTO SPECULATION 

It was stated in the Preface that in this book would be found a sys- 
tematic presentation of demonstrable and established facts, involving a 
minimum of controversial topics and such as require the reader to 
accept statements on trust. To the present point this claim has been 
faithfully substantiated, with only one or two lapses: as, for instance, 
the supposed origin of the lunar craters and ring plains. 

The allied problems of stellar energy production and stellar evolution 
are still subjects for controversy and some speculation. Such great 
advances have been made in the fields of subatomic and nuclear physics 
within the last two decades that something should be said of them. 
The treatment will necessarily be summary, and it must be recognized 
that the results mentioned in these last sections are very far from final, 
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SOURCES OF SOLAR ENERGY 

We saw earlier in this chapter that the sun pours forth energy at such 
a rate that i. 35X10 ergs per second of radiant energy cross every 
square centimeter of a sphere with radius equal to the average distance 
of the sun from the earth. This means that the total radiation from 
the sun each year is of the order of magnitude of 1.2 Xio 41 ergs. By 
a number of independent methods geologists have gained the belief 
that the earth's crust solidified at least 3X10" years ago and that the 
radiation from the sun has been approximately constant throughout 
this period. From these figures we can see that during the lifetime of 
the earth in its present form the sun has radiated something of the 
order of magnitude of 4Xi 50 ergs or about 2Xi 17 ergs per gram of 
its mass. 
Three theories have in the past been proposed to explain 

gf 1-g this gfpflt- rpQprvp flf 



(a)Bv simple burning.This is the obvious explanation: the sun is 
burning up its substance m the same way that, for example, a coal fire 
transforms its fuel into ash. But a coal sun would burn out in some 
5000 years, and we know that it has in fact been 'burning' for at least 
600,000 times 5000 years. Clearly, some other explanation must be 
sought. 

(b) py rnrij^rtion. When a gas is compressed, as every user of a 
bicycle pump knows, its temperature rises. If the sun were once a 
much larger, less dense, and cooler body than it now is a giant, in 
fact its own gravitation would have caused it to contract. Helmholtz, 
about the middle of last century, suggested that the heat of the sun had 
derived from gravitational contraction in this way. Yet this explana- 
tion, though an improvement on the combustion hypothesis, can only 
account for one thousandth of the 4X10* ergs that represent the sun's 
actual radiation during the life of the earth in its present form. 

(c) A third suggested source of the sun's remarkable source of 
energy has appeared during the twentieth century. In essence it is sug- 
gested that the c j t V^.nf rgy -^- M lb.at9 n W ! : that is to say, it is derived 
from changes within the very nuclei of the atoms contained within its 
vast bulk. 

NUCLEAR DISINTEGRATION 

By 1919 the phenomenon of radioactivity, or the spontaneous trans- 
formation of the atomic nuclei of one element into those of another, 
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was a commonplace and had been the subject of much investigation 
since its discovery by Becquerel twenty-three years previously. But in 
that year Rutherford changed the outlook of physics by approaching the 
medieval alchemists' ambition of artificially transmuting one element 
into another. Into a chamber containing ordinary air (which consists 
largely of nitrogen) he projected a stream of high-velocity ouparticles 
the nuclei, bereft of their orbital electrons, of the element helium. One 
of Rutherford's ex-particles achieved a head-on collision with the nucleus 
of a nitrogen atom, and smashed it, with the resultant formation of 
two nuclei, one of oxygen and one of hydrogen. Since that epoch- 
making experiment, the new science of nuclear physics has progressed 
rapidly, and today many dozens of n JJJCBI -Xfiacfoy s have been pro- 
moted in the laboratory. 

Two characteristics of such reactions are particularly to be noted : 
(a) They are characterized by eiif^m^^^^^ratinn/i ^ flr>iflr g^iiii a 
typical nuclear disintegration releasing many thousand times more 
energy than even so violent a molecular reaction as the combustion of 
T.N.T. Whereas i gram of coal, on complete combustion, liberates 
only 3Xio lx ergs, i gram of a mixture of lithium and hydrogen, enter- 
ing into the nuclear reaction which produces helium, would liberate 
2.2Xio 18 ergs of subatomic energy 10 million times as much! 

(&) Nuclear reactions are extremely difficult to promote, since only 
rarely does a direct collision between a nucleus and a projectile 
a-particle or proton occur. And the stability of nuclei is such that 
nothing but head-on collisions with extremely powerful projectiles has 
any disruptive effect upon them. TTi in i, ihn mnrf ( Htrgji ' jjihu'iili "^ p ^ rfr 
ing an experuaaqjtal bombardment ij^jrjicroscopic pTopo^^s^ Were 
it otherwise, the pKysiff^^ anH^LfflKecounty as well 

would be blown sky high. 

THERMONUCLEAR REACTIONS 

Whereas a sun composed of coal would go out in about 5000 years, a 
sun deriving its energy from nuclear reactions would have ample 
reserves to continue radiating for the thousands of millions of years 
which are required. But how is it that elements like nitrogen and carbon 
will enter into nuclear reactions in the sun, while they will not, except 
on the most niggardly scale, in the laboratory? 

In 1929 this question was answered by Atkinson and Houtermans, 
with their theory of thermonuclear reactions. Eddington has shown 
that the sun's temperature reaches a figure of about 2Xio 7 degrees at 
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the center. Under such conditions, nuclear transformations would be 
greatly facilitated, for the individual nuclei (and free electrons) would 
themselves be traveling with velocities comparable with the projectiles 
of the physicist's laboratory the component particles of a gas becom- 
ing more and more violently agitated as its temperature rises. Thus 
instead of there being, as in the laboratory, comparatively few projectiles 
with high enough kinetic energy to shatter nuclei, all the nuclei them- 
selves become 'bullets' capable of disrupting one another. Nuclear 
reactions would then be possible which in the laboratory would re- 
quire millions of years to complete. Such reactions are termed ther- 
monuclear reactions. 

Once started, thermonuclear reactions will generate enough heat to 
keep themselves going indefinitely, without the application of any 
further energy from an external source. 

THE SOLAR REACTION 

The theory having been established that conditions in the solar interior 
are such as would permit the nuclear transformations of the common, 
stable elements, and the further fact that these reactions would con- 
stitute a rich enough source of energy to provide the 2.4 Xio 50 ergs 
which are required, it remains to identify the precise reaction or re- 
actions that are responsible for the sun shining at the present moment. 
And here we are treading on very unsure ground. 

The energy liberation of each individual reaction can easily be cal- 
culated for any given temperature, and this figure compared with the 
observed energy-production rate of the sun. In 1938 Bethe and 
Weizsacker independently hit upon the reaction or, more correctly, 
chain of reactions that would produce the sun's i.iX 10 * 1 ergs per 
year. Bethe concluded that the thermonuclear reactions proceeding 
within the sun are six in number, and form a closed chain whose first 
and last stages are the same. The cycle is thus repetitive, and will con- 
tinue until the raw materials used up in the reactions are exhausted. 
Its net result is the building up of one helium nucleus from four 
hydrogen nuclei, energy being liberated in the process. 

This energy does not, of course, appear from nowhere. According 
to relativity theory, mass and energy are equivalent terms, so that the 
'destruction' of mass involves the liberation of the equivalent amount of 
energy. Now the mass of four hydrogen atoms is slightly greater than 
that of one helium atom. This lost mass reappears as energy, according 
to Einstein's equation linking mass and energy (E=mc 2 ). 
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Bethe concludes, therefore, that the sun is deriving its energy from 
the synthesis of helium nuclei out of hydrogen nuclei. Hydrogen is the 
'fuel* and helium the 'ash' of the solar thermonuclear production of 
energy. 

ENERGY PRODUCTION IN MAIN-SEQUENCE STARS 

The question is at once suggested, do the other main-sequence stars 
derive their energy from the same reaction as is responsible for the 
sun's energy production? 

Just as the physical conditions at the center of the sun can be cal- 
culated, so it is possible to discover the central pressure and tempera- 
ture of any star whose mass, total radiation, and radius or surface 
temperature are known. It is also possible to calculate the energy pro- 
duction of the solar thermonuclear cycle at different temperatures, and 
it is found that the figures derived agree well with the observed lumino- 
sities of stars in the center and upper regions of the main sequence. 

But among the low-temperature red dwarfs the solar reactions would 
be retarded or inhibited by the comparative thermal slowness of the 
protons. Here it is possible that the thermonuclear interaction occurs 
between protons themselves: three hydrogen nuclei combining in two 
stages to form a helium nucleus (ct-particle) with the liberation of 
energy. 

ENERGY PRODUCTION IN THE RED GIANTS 

In the still cooler red giants, thermonuclear reactions would be virtually 
at a standstill. Gamow and Teller suggest that during the early stages 
of a star's existence it is a giant with large diameter and low density, 
and that gravitational contraction is the sole source of heat. Contraction 
would continue until the internal temperature had risen to a level at 
which the easiest and most rapid thermonuclear reactions are possible 
(about one million degrees) . The generation of subatomic energy with- 
in the star would thereupon put an end to contraction, and a self- 
regulating, thermostatic mechanism would come into operation. 

As soon as the supply of each element is exhausted first those most 
easily induced to enter into thermonuclear reactions, and then those 
progressively more recalcitrant gravitational contraction would set in 
again, and would continue until the central temperature were high 
enough to permit the reaction involving the next heavier element. 

The temperature of a giant will therefore rise continuously from the 
onset of the first reaction. In other words, it will pass backward across 
the Russell diagram, traversing the Harvard sequence in reverse order; 
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eventually it will reach the main sequence, where, as we have seen, 
the temperature is high enough for the solar cycle to begin operation. 

PASSAGE ALONG THE MAIN SEQUENCE 

On reaching the main se^ucncc^.jj^g jtarjs shorJL.yjQtutk^i& ^vety-4Mad it 
is enyrsa^fett^^ ii i lnn^ |ii linH 1 of maturity. 

It would be natural to suppose that as its hydrogen supply is depleted, 
it will grow cooler and pass down the sequence toward the red-dwarf 
region. This, however, is not so, for the cloud of helium nuclei gen- 
erated by the process is sufficiently opaque to radiation to prevent the 
internally produced radiation from escaping to the stellar surface 
whence it may be radiated away from the star. Thus the star's tem- 
perature and luminosity will incra^e with J^reas 



The last hydrogen nuclei will ultimately be converted into helium, 
and the final contraction will begin. The star will shrink very rapidly, 
with a parallel falling off of luminosity, and since it has no further 
effective energy-producing reserves to offset this, it will fade out into 
darkness beyond the cooler end of the main sequence. 

It must not be assumed from the foregoing account that all stars 
follow exactly the same stages in their evolutionary processes. The total 
mass of the original diffuse body of gas is in all probability the major 
governing factor. It may well be that a relatively small mass will pass 
backward through the Harvard sequence only as far as, for example, 
a G-type or F-type star and will then turn down along the main 
sequence. On the other hand, an infant star of relatively large mass 
may pass above the giant sequence and reach temperatures considerably 
above those to be expected for stars at the normal turning point to 
the main sequence. It should be pointed out that we actually find stars 
scattered throughout the Russell diagram. 

Calculations, which are long and laborious, have been made for stars 
of different masses. In the case of a star of a mass approximately equal 
to that of the sun, the calculations lead to conditions for the sun at its 
present age which differ from those that we have observed by a factor 
of approximately 100. Such a discrepancy is not to be unexpected when 
we consider the numerous assumptions and uncertainties in the various 
hypotheses. 

Any attempts made thus far to fit the white dwarfs into the sequence 
of stellar evolution have been unsatisfactory. Rapid advances are now 
being made in the researches of nuclear physics and it is futile to specu- 
late about what the results will be. 



IX. The Nebulae 



ABSORBING MATERIAL WITHIN THE GALAXY 

It will be recalled that the problem of plotting out the extent of the 
star system by assigning distances to such galactic objects as the open 
clusters was complicated by the hitherto unsuspected existence of a 
rarefied absoiJHltgJild ill ID - This material pervades the galaxy and has 
the effect of stretching distance determinations that are based on appar- 
ent brightness. Two lines of approach led to this conclusion: first, 
Urumpler'o w^aoJiucULJ^c^zcsj^Q.d. disJ^aiXQesj^ and 

secondly, the marked avoidance of the_galactic .plane-hy the globular 
, nebulae. To remove the discrepancies follow- 



ing from the neglect of this factor, Trumpler was forced to assume an 
optical density of about 0.8 magnitudes per 3250 light years for the 
absorbing medium. He was further led to conclude that, although ex- 
tending for considerable distances in the galactic plane, the medium's 
thickness measured at right angles to this plane was no more than a 
few hundred light years. 

Not only did interstellar absorption cause the dimming of the light 
from distant objects, but it also implanted color-excesses upon the most 
remote sources of all, provided that these were within about 10 of 
the galactic plane. This not only indicated clearly that the absorbing 
layer was thin, but also that it was partly gaseous in composition. 
Different investigators of the characteristics of the interstellar absorp- 
tion have reached curiously various conclusions. Scares, for example, 
deduces from his star counts that absorption of the type outlined by 
Trumpler cannot occur; a similar conclusion was reached by Elvey 
from different evidence; while Hubble and Humason have shown 
that the few extragalactic nebulae situated near the galactic plane 
exhibit little or no trace of general galactic absorption. 

ThpQp divergent results may probably be reconciled on the assumption 
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that although diffuse material concentrated in the galactic plane does 
effect absorption, yet it is far from homogeneous, probably being more 
accurately thought of as a patchy, flocculent structure, with areas of 
higher and lower density, than as a uniform medium. 

GALACTIC NEBULAE 

So far we have only considered indirect evidence for the existence of 
galactic absorbing material. There is, however, a great deal of direct, 
visual evidence also. The starsisolated, in binary and multiple sys- 
tems, and in clusters and, perhaps, a few planets here and there, are 
not the sole constituents of the stellar system. There are, in addition, 
nebulae of various kinds. Nebula (Lat. cloud) was the name given to 
these objects by the early astronomers as being descriptive of their 
appearance, and the first class that we shall consider are in fact vast, 

* Plates iv and v show two 



of these nebulae, the first being situated in the constellation Cygnus. 
the second being that which involves the stars of the Pleiades. These 
two photographs Jitew^ate^jdeajly smjiggof the more characteristic 
features of the ^ us ^ t /^^^^^ u - They have nc 
definite structure W^apeTaieyare oJ^ 
photographs have"sfi"owrT tKaTtFe" neEulam tn?Swo"rd oTR5rion, visible 
to the naked eye, extends over a great part of the constellation) ; and 
^ stars, which, as can be seen from 



Plate v, are not merely super-imposed upon the nebula or seen through 
it, but are actually involved in it. Thus the distances of many of the 
galactic nebulae may be determined from the distance of the stars 
embedded in them. 

RADIATION FROM GALACTIC NEBULAE 

At one time it was thought that these bright galactic nebulae shone 
by virtue of their own incandescence, and even that the involved stars 
might have been born from them by some process of condensation. 
Both beliefs have now been discarded; our ideas concerning the nature 
of the diffuse nebulae have undergone a complete revolution within the 
last fifty years. In 1912 it was discovered spectroscopically that the 
, Jsnot sj^fsk^^ previo^^ 



by the reflected light of the involved starsj without these 
stars it would not be incandescent and would therefore be invisible. 
In one circumstance only it might be indirectly visible: were it projected 
against a rich part of the galaxy its presence would perhaps be deduced 
from the absence of stars in that region. 
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Later it was shown byj^ubblc jthat both rh^ ^pgrtrn^pic type and 
the visible size of any^^glactic nebula are detennidJ^ 
tW~aSE"l^ thlJbJ^hL . th^^i^mper^r 

tjyxe^ft^-the-grcatef the luminosity, of the stars ? the greater ( \\dll be jhe 
illuminated expanse of nebulosity. Furthermore, no bright nebulae exist 
that do not contain stars of sufficient brightness to account for their 
visibility. Another observation that points to the same conclusion, that 
the more luminous stars are capable of rendering this type of nebula 
visible, is that faint stars are noticeably absent from those regions 
occupied by high-temperature stars and diffuse nebulae. This is be- 
lieved to indicate that while the brighter stars are capable of illuminat- 
ing the nebula, the fainter stars are either at too low a temperature to 
do so, or are situated at very much greater distances from the sun than 
the nebula; in either case the nebulous material would obscure them 
from the sight of the terrestrial observer. 

GALACTIC NEBULAE AND INVOLVED STARS 

The theory that the involved stars are born from galactic nebulae has 
suffered a complete reversal, and instead of believing that an inward 
movement of nebulous material toward a number of points resulted in 
the formation of stars at these points, modern astronomy favors the 
.lh.iadiatiojn i jgressure of the high-temperaturc,star;sjs scatter- 
away from them in all directions. After what 



we have learned of the nature of electromagnetic radiation in Chapter 
vi, it should not come as a surprise to learn that radiation possesses 
momentum and therefore exerts a pressure upon any body, surface, 
Dr particle that either reflects or absorbs it. The force of repulsion 
depends upon the temperature of the source of the radiation; the 

violent the repellent 



is the radiation pressure of the sun, acting upon the particles in the 
tail of a comet, which forces this tail always away from the head, with 
the result that when the comet is receding from the sun it proceeds 
tail foremost. 

Two conflicting forces, therefore, are centered in the massive 'early 
type' stars which are found to be associated with diffuse nebulae: 
gravity, acua^JAiwai^^ 95Q,ters, and the j^dkni 

irla&aUQjj^ressjure, The mechai^ pressure being known, 

it is possible to calculate the relation between these two forces for stars 
of the types concerned, and it is found that in, ^their immedia^yicinitj 
the radiation ^pres&ufe-etttsu ips the gravity- mafty-iimes. At the surface 
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of the sun, which is a comparatively cool star, radiation pressure 
amounts to 65,000 tons per square mile; at the distance of the earth 
this is reduced to 2.6 pounds per square mile. Hence any nebulous 
material in the neighborhood of the involved stars would be swept 
away toward regions devoid of the hottest B-type and A-type stars. 
Internal motion has been detected in some of the diffuse nebulae 
spectroscopically, and so far as it goes (for these motions are not large) 
the evidence does not conflict with the conclusion arrived at through 
the theoretical consideration of radiation pressure. The spectroscope also 
shows that the diffuse nebulae are for the most part practically stationary 
after allowance has been made for the component of the velocity shift 
due to the sun's motion. 

DISTANCES AND DISTRIBUTION OF THE GALACTIC NEBULAE 

ed, tbdr Histanrpg ran bfr deduced in those^cases 
oLthe ^ nvc J7dstar are JaioaiTi- Some at least of 
the <^ffjUe nebulal are near neighbors ofthe sun, the Pleiades nebulosity 
being dfJ^sbme/325 light years distant, and that in Orion about 600 
light yearsT^sormxof the fainter, on the other hand, are certainly very 
much more remote\and it must be supposed that they exist far out 
beyond the limits to whjUi our telescopes can reach. 

Their alternative narrlftsl galactkLJiebulae, derives from the fact that, 
like the njyn. ...flll 

g^da&k^iae. The majority are to be found within 10 of the 
plane itself. It will be remembered that this isthe^oiic of 
of the globular clusters. 

SPECTRA AND COMPOSITION OF /rfE GAlT? 

Characteristic lines in the spectra onSc^aJlia^^ were for many 

years not matched by any produced in the laboratory. It was therefore 
supposed that an unknown gas, which was named 'nebulium,' was 
present in the nebulae, and that it was through the excitation of the 
atoms of this gas that the unknown radiations were produced. But 
more recent knowledge of the structure of matter and of the table of 
elements has rendered this explanation highly improbable; ilJ&..now 
known that thejyj^j^ not indicate 



arj^^grits^existin^ undei 
low pressure representing 
densities far below the minimum attainable in the laboratory would 
be such a condition, and it is even possible to arrive at an idea of the 
mechanism whereby the 'forbidden' lines are produced. 
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Under normal conditions of pressure, the atoms of a gas suffer many 
thousands of collisions every second; even at the most extreme rarefac- 
tion the physicist can achieve, the average interval between inter- 
atomic collisions is only i/iooo of a second. In the gaseous nebulae, 
however, it is estimated that this interval is increased to from io 4 to io 7 
seconds. Any transition that requires an appreciable time for its con- 
summation, therefore, would be impossible at normal pressures and 
densities, since interference from another atom would always occur 
first; but under the conditions prevailing in the gaseous nebulae this 
would not necessarily be the case, and the atom would be left undis- 
turbed for a long enough interval to complete the transition. These 
atomic-statPSj from which transitions ran oaly^accnr at Inn ff -intervals, 
are called the metastable states, and Bowen has shown that they are 
at the back of the unknown radiationsrom 



^ 



ionized nitrogen and oxvgen ftri g | nd ii trebly imiLaeUaxyg;en. Other familiar 
Ttrerln the ^ectraoJM:^^ neEulae were long ago identified as 

belonging to the spectra of hydrogen, helium, carbon, and neutral 
nitrogen and oxygen. . .. - 

Spectroscopically, therefore, the Hjffiisp- iiph^fay fa1| intollwo classes^ 
those with g,afQli g ^mission .spectra consisting of bright linrs only: and 
those, like the Pleiades nebulosity already mentioned, that Jia^U^ 
tirmnns fipfrtm-J^h-...$ypcrin^ similar to those of the 

involved stars. This difference is attributed to the involved stars rather 
than to the nebulous material itself: for it is found that where the 
stars are of the hot early types (O and B), the gaseous spectrum is 
produced; where the stars are cooler than type B, continuous stellar- 
type spectra are produced. In the former case, the gaseous material is 
being excited to incandescence in a way perhaps similar to that produc- 
tive of aurorae; whereas in the latter, the nebula is simply shining by 
the reflected light of the involved stars. This discovery in turn throws 
light upon the probable constitution of the nebulous material. For the 
emission spectra must depend upon the presence of isolated atoms, 
while the capacity of the cloud to reflect starlight argues the existence 
of larger particles than atoms. In other words, th^iffnsg pehnl^p are 
pnrtly gafirmit nnd ..Effitly Hmty or meteoric a conclusion in complete 
agreement with those oF Tr umpler whi cH7 it will be remembered, in- 
volved the existence of large particles (total absorption) and small 
particles (causing the observed color-excesses). 
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fcARK NEBULAE 

it tne~ amuse nebulae do not shine by virtue of their own unassisted 
incandescence, we might expect to find certain nebulae which, being 
situated near no high-temperature stars, are dark. Such nebulae, did 
they exist, would necessarily be confined (so far as human observation 
is concerned) to the galactic zone, since nowhere else is there provided 
a bright background against which they might be silhouetted. In 1919 
Barnard published the first catalogue of 182 dark nebulae, one of which 
is illustrated in Plate xv. Their existence is an integral part of the 
theory that diffuse nebulae do not shine by their own light. The oc- 
currence of dark nebulae had been known for over one hundred years, 
but until comparatively recent times they were regarded as starless holes 
running through the stellar system and aligned upon the earth. Once 
the frequency of their occurrence had been demonstrated by Barnard, 
the highly improbable nature of this explanation became clear, and 
the theory of obscuring clouds was substituted. Like the bright diffuse 
nebulae, they are not very distant, some being only a few hundred 
light years from the sun and none that are visible being more distant 
than, probably, about 1000 light years. (The distance can be gauged 
when, as often happens, they are associated with bright nebulosity and 
high-temperature stars.) This does not mean that they are necessarily 
restricted to the comparative vicinity of the sun on the contrary, they 
are without a doubt distributed through the whole stellar system: but 
a dark nebulae situated at a much greater distance than 1000 light 
years would be difficult to detect since the obscuration of still more dis- 
tant stars would be masked by the superposition upon it of nearer stars. 

inglylow density, as shown by the^_jjjrij|e(j ,.. J jK?J!^-lCS w jgjLEbsoyf r ^ nn 
despite ejiormous extent. Thougnixxqre rargfied than even the most 
perfect vacuum that can be produced in^rj^e&y^dl-kifeeratofks, they 
must nevertheless be regarded as localized areas of exceptional density 
m~^ e ""1?^ ftef dk^ which pervades, ^the whole galactic 

plane. 

INTERSTELLAR CALCIUM 

Mention must be made of two other types of nebula encountered in 
the stellar system. The first of these is not a nebula in the usual sense 
of the term, for it is not visible (even by superposition upon a bright 
background) and appears to pervade the whole of galactic space : it is, 
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indeed, something very like the absorbing medium that Trumpler 
was forced to hypothesize. Its existence went unsuspected until 1904, 
in which year Hartmann noticed that prominent calcium lines in the 
spectrum of the spectroscopic binary 5 Orionis did not share the oscilla- 
tions of the rest of the spectrum caused by the orbital motion of the 
brighter component about the center of gravity of the system. Similar 
stationary lines have since been detected in the spectra of hundreds of 
high-temperature white stars, and in some cases the lines of sodium, 
titanium, and potassium are also stationary. Slight displacements of 
the stationary lines toward the red or violet are accounted for by the 
sun's motion, and when this effect is eliminated it is found that the 
residual displacement is in the majority of cases negligible. The most 
plausible exrjjarj^tioa-is.,i;hat between the^teu^andjlie^di^ 
is ascertain amount^ofjcalcium, sodium, potassium^ jjtaji^^ 
sibly other elements as well, in the form" oF an ext^en^lyjtejiuuiis-ifttei^ 
stellar cl nuS^ncTT^if It ^s jijb^f&ion^^-^^ which imrMaiits 

the st-aHnpary )jpf,s npqrjLjJi^- spctia. J xkL_cf.ri-aia-St2!^.- ^ * s estimated 
that the density of this interstellar matter is of the order of magnitude 
of 25,000,000 particles per cubic yard. Its extreme tenuity can be appre- 
ciated when we realize that a cubic yard of air at atmosphere pressure 
contains a billion billion times as many particles as does this interstellar 
gas. However, tenuous as this matter may be, there is a tremendous 
depth between us and a distant spectroscopic binary and a large number 
of atoms would be available for producing the absorption lines. 

The spectra of all binaries do not contain these stationary lines. In 
general, two conditions must be fulfilled: the star must be distant, and 
it must be of an early spectral type, usually O or B. The first condition 
is readily understandable, for a great thickness of such rarefied matter 
would be necessary for an absorption of detectable strength to be caused. 
Their apparent preference for the spectra of the early-type stars is pre- 
sumably due to the fact that even were they present in the spectra of 
stars of later type than about 65, they would be obscMj^d by the heavy 
lines that normally occur in these. //lUA 

PLANETARY NEBULAE ~~~ 

The third type of hiiiagAlmak-4>dbttfe^ xvi shows 

that these objects are quite unlike the diflusj^eDula7 :: /rhey are _ small, 
round, well-defined, and might almost be misutkeirror planets when 
seen with smalTtelescopes. They are comparatively rare objects, fewer 
than 200 being known, and are all invisible to the naked eye; this is 
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due both to their faintness and to the sinallness of their disks, the 
majority of which are not more than a few seconds of arc in diameter. 
Their apparent smallness is, however, the result of distance rather 
than of linear insignificance, for van Maanen has shown that the 
diameters of over twenty planetaries are not less than several thousand 
times that of Pluto's orbit. 

In small instruments even those planetaries with the largest angular 
diameters show no detail; they appear as faint, round disks of pale 
greenish or bluish light. But instruments of larger aperture reveal the 
existence of a faint central star in many of them. The spectroscope 
shows that they resemble the galactic nebulae in two important respects, 
however dissimilar the two cases of object may appear at first glance. 
The planetaries are gaseous, and they shine by reflection (or at least 
by excitation) of the central star; this is typically of the high tempera- 
ture O-type. That they are not the flat disks they appear to be, but are 
spherical, is indicated by two observational facts; in no instance is any 
foreshortening of the disk observed, and it is proved by the Doppler 
effect that at least some of them are rotating axially. 

The spectroscope has been instrumental in providing almost all our 
knowledge of the planetary nebulae. The spectrum is of the type that 
we saw in Chapter vi to be typical of glowing gases; the bright lines 
of hydogen are invariably present, those of helium usually, and those 
of nitrogen frequently. The temperature modifications of those lines 
show without a doubt that the temperature of the central star cannot 
in the majority of cases be much below 50,000. Yet 



these stars (whi^h can be deduced asjoon As^th^^surice^is known) 
proves to][BrCivmConsidering their temperature therefore they must 
be very small/ 

The spectroscope has also revealed that the planetaries differ from 
the diffuse galactic nebulae in the matter of velocity. It will be remem- 
bered that the spectra of the latter showed, at most, small velocity 

ai^abnormally Tiign^ in extreme cases they may reach 125 m.p.s., the 

e neighborhood of 20 m.p.s. 

The planetaries follow the same distributional pattern as novae, open 
clusters, and galactic nebulae. That is, they crowd about the galactic 
plane and are only rarely encountered at any considerable distance from 
it. That is, at any rate, true of the apparently fainter planetaries, which 
from their faintness are assumed to be the more distant; the brighter 
and angularly larger are found outside the galactic region, but if we 
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conclude that their relative size and brightness indicate nearness to 
the earth, then their real divergence from the galactic plane will nat- 
urally appear to be greater than it is. That the faint planetaries are 
in general more distant than the brighter is also indicated by the fact 
that they occur most commonly in that region of the galaxy with which 
we are by this time becoming somewhat familiar the Sagittarius region 
where lies the galactic center. 

EXTRAGALACTIC NEBULAE: SUMMARY OF DISTRIBUTION 

Whereas in Chapter v we treated the extragalactic nebulae rather as 
anonymous counters in the game of probing the universe to the very 
limit of human inquisitiveness, we are now better qualified to inquire 
more closely into their nature. First, however, let us briefly summarize 
what we have already learned of their spatial distribution: 



i. The oxtragalacHr ppbiilae visible with present equipment occupy 
a volume of space stretching from less than 1 00,000 UighLJ^ears to 
5 X i o 8 light years, distant. 

ii. It is estimated that within this region there are some i o 8 nebulae. 

iii. Throughout the whole of the observable region, the large-scale 
distribution of the nebulae is uniform. 

iv. Their small-scale distribution is, however, irregular, consisting 
of single nebulae, small groups, and great clusters. The nearest of 
these clusters, that situated in Virgo, is about 7X10 light years 
distant. 

v. No falling off of numbers toward the outer edge of the observable 
region can be detected, indicating that we ha^ejioL^et-lathomed -the 



vi. The red-shifts in nebular spectra, if interpreted as velocity shifts, 
indicate that dianMiebula. the 



It is expected that observations with 200-inch reflector will extend 
the limit of observable space to io 9 light years. 

CLASSIFICATION OF THE EXTRAGALACTIC NEBULAE 

The extragalactic nebulae are for the most part extremely faint objects, 
and only one, that in Andromeda, can be detected easily with the 
naked eye; on clear moonless nights it appears as a faint misty spot 
resembling a nebulous star. When studied with telescopic cameras the 
extragalactic nebulae are found to present a number of closely allied 
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forms, and a classification based upon the systematic differences dis- 
played by the several hundred brightest nebulae has been evolved; for 
only these few are angularly large enough for anything of their struc- 
ture to be made out, the vast majority of the white nebulae showing 
on photographic plates as formless specks, hardly distinguishable from 
faint and ill-defined stars. Among the more conspicuous -extogakok 

^ owever, two main classes are distinguishable, the second of 

may be further subdivided: 

1. Irregular, 

2. Regular: (a) globular^ 

(b} spiral: (i) normal, 
(ii) barred. 

IRREGULAR NEBULAE 

Irregular nebulae need hardly detain us, since they comprise only about 
2 per cent of the total. The Magellanic Clouds (see Plate vi) are promi- 
nent because near examples of this type of system, and about half of 
all known irregular extragalactic nebulae are generally similar to them: 
they show no traces of rotational or other symmetry, and are largely 
resolvable into stars, star clusters, and clouds, and irregular nebulosity 
of the galactic type. Without doubt they are stellar systems. 



EJLL I P T I CJJ^ HEP IT \ A IL 

Members of Class 2 (a) are to be observed in a graded variety of forms, 
but all differ from the irregular nebulae in three important respects: 
tfa^ir r^taHop <bL- tt y aa Qix tr y J their^ Ijyk, o^, rr solv-ViP and tJixxislejju;e 
of a bright nucleus. This variety of form is due to a combination of 
two factc^ 

ig^oe^n sh^e. Visually they vary from round disks to elongateoTcigar- 
shaped, or spindle-shaped forms (Plate xvn) whose axes are related 
to one another as about 3:1. Nebulae exhibiting every gradation of 
flattening between these limiting forms are known. 

Now if these nebulae were truly discoidal (as two plates, rim to rim) 
these varying appearances would result merely from different inclina- 
tions of their major axes to the line of sight: if viewed edge-on they 
would appear cigar-shaped; if directly from the prolongation of the 
minor axis, round; and intermediately, elliptical with a greater or lesser 
degree of flattening. But a sufficiently large number of these nebulae 
are known to treat them statistically, and by this means it has been 
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found that more of the circular nebulae occur than the law of averages 
would warrant. Some of the round nebulae must, therefore, not be 
discoidal and viewed from a point on the projection of the minor axis, 
but truly spherical; thus they would appear spherical from whatever 
direction they might be viewed. Once this was established, it was real- 
ized that many of the intermediate types might be ellipsoidal (viewed 
edge-on) rather than discoidal (viewed from a point between the 
projections of their median plane and minor axis). Thus we have a 
transition from a spherical nebula through increased polar flattening 
to a discoidal nebula which may appear either cigar-shaped or circular, 
according to the angle of vision. 



SPIRAL NEBULAE 



The spir^JjoeJbjjlae resemble the elliptical in beingJjJaJ^jd^Js^ 
.diaffleters are very much greater than their thickness. Normal spirals 
consist of a central,^HscoKla^ nucleus, f rom diametrically opposed points 
on whose periphery project two arms. These arms leave the body of the 
nebula approximately tangentially, and the nebula, when seen from a 
point on the projection of its minor axis, is reminiscent of a pyrotechnic 
pinwheel (Plate xvm). That it is a flat structure may be seen in those 
cases where the nebula is viewed edge-on (Plate xix). In some spirals 
the two arms appear to have bifurcated with the formation of a four- 
arm spiral. 

About one spiral in three is not of this normal type, but falls into the 
category of 'barred' spirals. Plate xx shows examples, and it can be seen 
that the arms, instead of issuing direct from the nucleus as in normal 
spirals, issue from the outer ends of a bar of matter in which the nucleus 
is centrally placed. 

Just as a sequence of forms from spherical, through increased polar 
flattening, to the critical 3:1 figure is observed among the elliptical 
nebulae, so a formal sequence, which in all probability also represents 
a temporal sequence, is exhibited by the spiral nebulae, both normal 
and barred. Treating the sequence as temporal i.e. as one through 
which each nebula passes in the course of its existence we may de- 
scribe the successive changes as follows. At the beginning of the 
sequence the nebula is hardly distinguishable from a late* elliptical 
nebula. The arms are inconspicuous and small compared with the main 
body or nucleus of the nebula. A steady outward transference of matter 
from the nucleus to the arms results in the latter becoming increasingly 
more massive at the expense of the former. Simultaneously the arms 
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uncoil. About halfway along the sequence the homogeneous texture 
of the nebulous matter begins to break down: condensations start to 
form, at first sparsely, in the outermost regions of the arms; these 
increase in number and spread inward to the nucleus, which by this 
stage will have shrunk to a mere shadow of its former state. |fl ........ tbfi 

arms (the 

, which^Jn_turn consist of clouds 
interspersed with unresolved 



clusteiirigs^j:) jaiixL-^tar-like points, 

terial which may either be nebulous or may consist of stars too faint 
and too numerous to be individually visible. Another feature of late 
spirals which is reminiscent of our own galaxy is-th^"*common oc- 
currence of patches and Klnf-rkps n ^ r ^ ar ^ ^famrinr matwifil , presumably 



analogous with our dark nebulae. Obscuring matter is also to be ob- 
served among early spirals of the normal type; here it takes the form of a 
peripheral band encircling the nebula in its median plane; this forma- 
tion is consequently only visible in the case of nebulae that are oriented 
idge-on to the observer (Plate xix). 

THE EXTRAGALACTIC SEQUENCE AS A PROCESS 

During the course of the modifications of the early globular type whose 
end point is the late spiral, the brightness of the nebula does not alter 
to any material extent. Its size, on the other hand, does. How this in- 
teresting fact has been established will be explained at a later stage. A 
the 



(taking average and only approximate figures) 
to 3&9P& 






course 



the neces^ary,-Ca^coirikaiit 
to it a 



-of the axk -perpeadkulaf 



The most striking feature of the extragalactic objects, when classified 
in this way, is the ^anifocBakJ^atHre-trf-'the cfawi|fe?l*rw 
tlhc, sequence : sta rtnjHi^^ 

qe.fir'*Mad the fojrjnation of 





arms^begins more and more matter is transferred from the body of the 
x arrns, which at a second crucial point begin to break up 
into tariafidai&aUon^. The l^gely.^sojy, 



1S 



that we are dealingwrtnai^ of a single family, all of 

which conform to a basic pattern which is modified systematically 
from the beginning to the end of 2 Urn^rl c^rmenre. 
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'THE ROTATION OF GASEOUS MASSES 

Added significance is attached to this conclusion by Jeans' theoretical 
investigation of the behavior of a rotating gaseous mass, and the bear- 
ing of this work upon the question of the size and nature of the 
cxtragalactic nebulae. It is supposed that the mass is far enough from 
other bodies to be gravitationally insulated. It will then assume a 
spherical form which rotation will flatten at the poles. Under stress of 
its own gravitation it will shrink, and with increasing shrinkage its 
rotation will increase in accordance with the law of the conservation of 
angular momentum. This in turn will cause an increasing flattening 
of the poles and bulging of the equatorial regions. When a certain 
stage in the accelerating rotation is reached, the mass will become 
unstable; in the same way a flywheel that is allowed to rotate too 
rapidly will shatter into fragments. Jeans has shown in another con- 
nection that a liquid mass on reaching this critical stage of instability 
will split in two. The gaseous mass, however, behaves differently. It 
will now be discoidal with a comparatively sharp periphery. As the 
rotatiomjj/ebcity incr^ajevJOatter^ w]]J_be^jejcted from twoJjaSHjEi^ 
cally .opposed points on the circumference. TJbi$_ma,tter will isstrc as 

Jts -aa4 w ill be uf 4ew-densiLy;* since the heaviest constituents would 

have gravitated to the center of the mass, leaving the less dense in the 
upper levels. With always increasing shfmfcjj^ 

Tnnre""of the substance of the nucleus will be forced into the arms; these 
will gradually assume a spiral configuration as a result of rotation. 
Thus, starting with a perfectly spherical body of gas, we reach a stage 
when it is transformed into a discoidal nucleus of decreasing mass and 
spiral arms of increasing mass. The more rarefied matter in these arms 
will tend to condense into separate agglomerations until they have been 
transformed into discontinuous systems of knots, clusters, and single 
condensations. Xlwi&4phU^reconc the arms the smaller jvill 

be .ihc^JCaickiis^^ince both proce^^ 

tually the nucleus will "taveteen completely sapped, the arms will 
have become entirely condensed, and the original gaseous mass will 
have been transmogrified into a heterogeneous spiral system of isolated 
masses. 

THE OBSERVED AND THEORETICAL SEQUENCES COMPARED 

The various stages in this process are strikingly reminiscent ojLjhe 
^iflW^nt types of extragalactic nebula that are to be observed. Ij order 
if timd on the analogy of the theoretical sequence, we have-^ 
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^ _ jj . 

erical nebulael g ^phtJY fl^ttem^ ^^JjillftCi 3 nr ^ uisCQidfllPclllll^nT 
as telesconra resolution is rnnrpr 



arms, Jollowcjl by all sf agggjoLthg. transference of matter from the 
nj i r]p[ jjfa-$r rm^ along this sequence it is noticed that.^gjrogressive 
arms, with the foqanrion of nrnr likp points nrd 



clusterings, is occurring. Even in details the correspondence between 
the theoretical and observed sequences is exact; for instance, the rotation 
of the nebulae, the outward movement of matter from the nuclei along 
the arms, the inversely related size of the nucleus and degree of con- 
densation in the arms have all been established observationally. 

Whether the problem is approached from the observational or theoret- 
ical direction, therefore, it is tolerably certain that the fundamental 
difference between the various types of extragalactic nebula is one 
of age. 

SPECTROSCOPIC EVIDENCE 

The spectroscopic observation of the extragalactic nebulae is rendered 
difficult by their faintness, which forbids the use of the high-dispersion 
prisms required to produce a spectrum long enough for detailed study. 
Not only are the spectra necessarily short, but spectroscopic examina- 
tion is confined to the brighter central regions of the brighter nebulae. 
The majority of these yield spectra of a stellar type a continuous 
background upon which are superimposed numerous fine absorption 
lines and most commonly of type G, that of the sun. A minority of 
spiral nuclei have spectra of quite a different type: the bright-line 
emission spectra, similar to those of the planetaries and some diffuse 
nebulae, which are indicative of incandescent gases under low pres- 
sures. Owing to the practical difficulties just mentioned, quantitative 
analysis of extragalactic spectra has not progressed far, but calcium, 
iron, and hydrogen have been identified in a number of nebulae. So 
far as the evidence goes, therefore, th^spOii^ 

t ^ lc ^^ rect photo- 

graphicTesolution of a spiral nucleus (M. 31) was made by Baade in 
1944, an observational achievement of first importance. 

THE NATURE OF THE RED-SHIFTS 

We have seen how the discovery of the red-shifts provided astronomers 
with an additional distance criterion or, rather, with a welcome con- 
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firmation of results obtained by the use of other criteria. The red-shifts 
are an objective phenomenon, and the linearity of the relation between 
distance and spectral displacement is unimpeachable. So long, in fact, 
as the displacements are merely accepted as spectral shifts to the red, 
and no questions asked, all is plain sailing. Inevitably, however, the 
nature and cause of the shifts became the subject of speculation. When 
first detected and measured, they were unquestioningly accepted as 
velocity shifts of the normal, familiar type. But as Humason pressed 
on his investigations among more and more remote nebulae the im- 
mense velocities* encountered threw the gravest suspicion on the 
validity of the theory seeking to explain the red-shifts in terms of the 
Doppler phenomenon. It is verging on the incredible that such veloci- 
ties as have already been measured are real, yet what alternative ex- 
planation is there of the observed shifts? The question is of the most 
fundamental importance, for upon it depends the nature of our whole 
world picture and a great deal of theoretical cosmology. The question 

of the ground 



has ..been .achieved. 

At present ncLagency other than recession is XnowB^that^coulcl _rp- 
dnce thf* rcd.=shits^ If, therefore, they are not velocity shifts, they are a 
reflection of some physical principle of which we arc ignorant. Al- 
though this alternative is of altogether too problematical a nature for 
unquestioning acceptance, the phenomena force us to explore its possi- 
bilities. We saw in an earlier chapter that the energy and correspond- 
ing wave-length of a quantum were related in the manner. 



where E is the energy, A the wave-length, and C a constant. If the 
ift-4fleeased i.e. the spectrum is shifted .iaward ,.tha"reS 
of th? radiatioiLj*" rn ^^ l ss f 

energy attendant upon a red-shiftlriayT>e envisaged as occurring pri- 
marily in one of two ways. Either the wave-length is increased, as it 
would be were the source in motion away from the observer, which 
would result in the familiar Doppler or velocity shift; or else the energy 
itself might be reduced in transit from the source to the observer. If 
such a decrease of energy could be effected, the spectrum would be 
shifted toward the red, and the natural deduction would be that the 
source had a positive radial motion. It is at this point that we have to 

*It must be borne in mind that these velocities are purely geocentric, i.e. relative 
to the terrestrial observer. 
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fall back upon the mysterious 'unknown' as an explanation, for we are 
ignorant of any mechanism whatever that could effect the leakage of 
energy during transit without causing parallel effects which would 
easily be observable, but which are in fact absent from nebular spectra. 
Nor is it possible to differentiate between a red-shift due to a 
lengthening of the wave-length by movement of the source and a shift 
due to leakage of the energy carried by the quanta as they traverse 
inter-nebular space. For while it is true that a source in rapid recession 
would appear fainter than an equally luminous stationary source at the 
same distance, we utilize apparent luminosities as the only distance 
criterion capable of reaching to the most distant nebulae where these 
effects are of considerable proportions. UaaJdl^jJa^^ 
4erion independent of apparent luminosity can be deyeloped, no certain 
answer can be given to the crucial question: Do the red-shifts really- 

regrSat recession ? 

For all these reasons tfa *Kitlf rp commonly referred to, outside the 
, where sensation is rated more highly than truth, either 
as d-shiifm ,^or as apparentjdftcitYjshifts; and gjir r 




without qualification, it is with the uqspoken proviso 
that this is a convenient and obvious term until more specific contrary 
evidence is forthcoming. 

LINEAR SIZES OF THE EXTR AG ALACTIC NEBULAE 

It has already been stressed that although luminosity remains suffi- 
ciently constant all along the sequence from globular to irregular 
nebulae to be used as a criterion of distance, this is not true of linear 
diameter; for if a spherical object is subjected to a process of flatten- 
ing, it must expand in a direction at right angles to the axis of flatten- 
ing: thus a rubber ball, compressed between two plates, will expand 
laterally between them. In the same way it might be expected that the 
extragalactic nebulae will exhibit linear diameters which are a func- 
tion of their degree of flattening. This is in fact the case. As soon as 
distances, and therefore linear diameters, of a representative collection 
of each type of nebula had accumulated, it became apparent that the 
globular nebulae had the smallest diameters and late spirals the largest, 
intermediate types having diameters appropriate to their positions be- 
tween these two extreme types. The ascertained data regarding the 
linear diameters (in light years) of the extragalactic nebulae may be 
summarized as follows: 
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Globular 


Late 
elliptical 


Early 
barred 
spiral 


Late 
normal 
spiral 


(Irregular) 


Diam. 
(L.Y.) 


6,000 


16,000 


18,000 


31,000 


(21,000) 



These figures are only approximate and, if anything, are on the low 
side: the true figures may well be twice, or even three times, as great. 
The reason for this is that the longer the photographic plate is ex- 
posed, the larger grows the image of the nebula, showing that the 
outer regions are not only faint but extensive. These figures refer to 
what is rather vaguely known as the 'main body' that part of the 
nebula which is visible on any well-exposed plate. 

MASSES OF THE EXTRAG AL ACTIC NEBULAE 

Similarly approximate figures may be derived for the masses of the 
nebulae. One method was developed by Opik and depends upon a 
single datum :jthc shift in a nebula^^spectrum at a given distancejfrnrri 
the njj^^ a nebula is viewed edge-on, and is in 



rotation, one side will be approaching the observer, and the other 
receding from him (see Fig. 52). Hence one edge of the nebula will 
show a Doppler shift indicating recession, the other a shift indicating 
approach. The nebulae exhibit such unmistakable signs of rotational 
symmetry that even were such shifts not measurable, we should still 
be perfectly justified in postulating their rotation about their minor 
axes. But the spectroscope proves this to be a fact by revealing the 





Figure 52. 
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existence of these rotational shifts.^Oearly^l^^ 
wllLiJbfijy^ far out from the 

lucleus the spectrcis^npr -f k*f i*^^ty^^~ J n nwi ng 1 in the case of a 
icbula whose distance has been determined, the linear diameter of the 
mass between the two positions of the slit, and also the velocity of rota- 
tion at a pre-selected distance from the axis, the laws of motion allow 
the calculation of the total mass within this limit. Since the outer 
regions of any extragalactic nebula are too faint for investigation, it 
follows that this method will yield results short of the true figures for 
the whole nebular mass. The masses of four of the brighter nebulae 
derived in this way as respectively (in terms of the sun) 1,000,000,000; 
9,000,000,000; 30,000,000,000; and 35,000,000,000. 

MEAN DENSITY OF MATTER IN THE UNIVERSE 

Knowing the volume of the observable region, the approximate num- 
ber of nebulae in the region, and the average nebular mass, it is a simple 
matter to calculate the average density of matter in that region of space 
which we know. The result emphasizes the extreme emptiness of the 
universe: for if all the matter in the observable region were distributed 
uniformly through it, the density of the resultant medium would be 
between io~" 28 and io~ 30 grams per cubic centimeter, equivalent to 
one grain of sand distributed throughout a volume equal to that of the 
earth. 

THE GALAXY AND THE EXTRAGALACTIC NEBULAE COMPARED 

The idea has for many years been entertained by speculative thinkers 
that the galaxy might itself be a late-type spiral. Our knowledge both 
of the extragalactic nebulae and of the galaxy has now reached a stage 
at which it is possible to give serious consideration to this hypothesis. 
In view of the facts that have already been set out in the preceding 
pages, Jet jusjgmr^^ especially the 

late spirals, \vith_ the ^ajaxy,^^^ 

"" of each:" (if ^rotation, 'ffifl Jnass\ (i) si^Sjand (iv) 




^AftGe^ outset it might be said that perhaps the most attractive general 
feature of the hypothesis is that it introduces uniformity into the large- 
scale organization of the observable region of the universe. On the one 
hand we have some hundred million extragalactic nebulae, all closely 
related, and one other object of a different type, a unique system which 
also happens to be our home a conception uncommonly like an after- 
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taste of Aristotelian geocentricity. And on the other, we have an uni- 
verse stocked exclusively with nebular-stellar systems, all built to the 
same fundamental pattern. 

I. ROTATION 

The discovery and subsequent measurement of the axial rotation of 
extragalactic nebulae naturally raised the question, Is the galaxy like- 
wise rotating about its minor axis? If the reader goes out of doors on a 
starlit night and, gazing up into the firmament, considers this ques- 
tion for himself, he will probably be forced to admit that, if the mat- 
ter rested in his hands alone, we must for ever be ignorant of the 
answer. Yet the problem has been tackled and solved. We not only 

know that trig galfl v y /' c -^MlJQffi but we know approximately how 

long the sun requires to complete one galactic revolution, the direction 
of the galactic center, and the direction of the sun's orbital motion at 
the present time. 

The fact of stellar motion was already a commonplace in the eight- 
eenth century, when the elder Herschel set himself to discover the 
direction and velocity of the sun's motion relative to its stellar neigh- 
bors. We have already learned in Chapter iv that later studies of the 
proper motions and radial velocities of large numbers of stars situated 
in all regions of the star sphere have permitted the location of the solar 
apex and antapex, as well as its velocity toward the former and away 
from the latter relative to the stars chosen for the investigation. But 
what information does this discovery, itself a masterpiece of observation 
and deduction, provide about the supposed rotation of the galaxy? 
Unfortunately, none. For all the stars chosen as 'street lamps' were 
comparatively bright and near and therefore members of the Local 
Star Cloud. This was the result neither of chance nor mistake: bright 
and near stars were deliberately chosen so that their spectra should be 
clearly visible and accurately measureable for velocity shifts, and also 
because a near star may be expected to have a larger proper motion 
than a remote one. Hence, although the derived velocity of 12 m.p.s. 
towards a point near Vega is likely to be accurate, it refers only to the 
motion of the sun within the framework of the Local Star Cloud, and 
not to the motion of the sun within the framework of the galaxy. The 
problem of what the Local Star Cloud itself is doing whether or not 
it is rotating about the galactic center is not touched. The only way in 
which information concerning this rotation can be obtained is to use 
stars outside the Local Star Cloud, i.e. faint and distant stars. 
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If the Local Star r f |rmd T rmH with it rh^ ram, is rrvolving flb. n . ll , t ;.lh < ! 
galactic center, non-cluster stars bg^g^J^^JS.^^.j Ljl: l 5^ centcr w ^ 
a]:^ 



ejdge. of the*g3Kj2rCet us consider the case of the eight stars repre- 
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sented in Fig. 53. It is assumed that they are all galactic stars lying well 
outside the Local Star Cloud; also, for the sake of simplicity, that they 
have no random motions, their only motion being that imparted to them 
by virtue of the galactic rotation. In the case of each star the length of the 
arrow is proportional to the distance that it will be carried by galactic 
rotation in a given period of time. If a terrestrial observer now studies 
the motions of these stars, making the necessary allowance for the mo- 
tion of the earth about the sun, he will get the following results. Stars 
i and 2 will possess no measurable proper or radial motions they are 
stationary, relative to the sun. Star 3 also will possess no radial motion, 
but will, owing to its greater space motion, appear to drift forward. 
Similarly star 4 will drift backward, while showing no line-of-sight 

*This follows from Kepler's harmonic law, and assumes that there is a con- 
centration of mass at the galactic center. Subsequent work on stellar motions has 
indicated the correctness of this assumption: the galaxy does not rotate 'solid/ 
like a flywheel, 
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motion. Stars 5 and 6, on the other hand, will not only show a forward 
drift but will also have, respectively, negative and positive radial mo- 
tions. In the same way, stars 7 and 8 will combine a backward drift with 
radial motion. 

The clearly defined differences in the observed motions of stars lying 
in different directions, assuming the galaxy to be rotating, are sufficient 
to provide the basis of a crucial investigation. If stars do in fact exhibit 
motions of this character, notably of drifting in two preferential direc- 
tions, then we not only know that they are due to galactic rotation, but 
may also distinguish the direction of the galactic center. Independent 
analyses of the proper and radial motions of different groups of remote 
stars by a number of observers have shown conclusively that such is the 
case; furthermore, they mutually agree in placing the galactic center in 
the direction already indicated by Shapley as the result of his work on 
the spatial distribution of the globular clusters toward Sagittarius. 
That this result is materially correct cannot be doubted: independent 
analyses of the motions of the bright O-type and B-type stars, of Cep- 
heids, and of planetary nebulae up to distances of 60,000 light years all 
yield the same result. 

is located among the star clouds of Sagittarius at 



an approximate distance oT 



tngElhefr wirfrtrT*near neighbors, is at present moving to- 
ward the constellation of Cygnus. The velocity imparted to them by the 
galactic rotation is in the neighborhood of 170 m.p.s. From these two 
facts it follows that the sun completes one revolution of its galactic 
orbit in about 220,000,000 years. 

II. MASS 

Once these facts were established, it was further possible to gain a 
rough idea for the mass of the galaxy by means of the Kepler-Newton 
laws of motion. The average mass of a star being known, simple 
division gives the number of stars in the galaxy. Approximations being 
involved in each of the steps to this result, it is not to be wondered at 
that the results obtained should be discordant within fairly wide limits. 
They range from about 3Xio 10 > the more probable estimate of Scares, 
to 2.7XI0 11 , that of Eddington; the estimates of other workers mostly 
fall between these limits. Considering the nature of the data, it is a 
matter for surprise that the agreement is so close. It seems probable, 
therefore, that the stars in our system are to be numbered in ten-thou- 
sands of millions, and perhaps in hundreds of thousands of millions. 
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The first two stages of our comparison of the galaxy with the late- 
type spirals are complete. JLikc the extra^alactic hcbulac A the galaxy is 
in^^ojjaJiufiu, Though only established in recent times, this conclusion has 
been suspected ever since the characteristic ellipsoidal form of the galaxy 
was demonstrated by Herschel at the end of the eighteenth century. 
And secondly, the galaxy and the only spirals concerning which we 
have data are comparably massive. The figures in each case are of neces- 
sity only approximate, but the correspondence is suggestive and prob- 
ably significant. 

III. SIZE 

The Cepheid determinations of twenty years ago established beyond 
cavil that the apparently largest and also the brightest and therefore, 
as a safe bet, the nearest spiral was extragalactic. But this conclusion 
was not without its attendant difficulties; and though all these have 
now been resolved, one of them is worth a brief glance. Not only had 
speculation long toyed with the idea that these objects might be extra- 
galactic, but had constantly added the rider 'and stellar systems like our 
own', or, as they were often termed, 'comparable galaxies.' The first 
spirals to be plotted on a linear scale of distance all turned out to be 
considerably smaller than the galaxy : astronomers have never forgotten 
the salutary lesson that Kepler and Copernicus taught the believers in 
the unique status of the home of homo sapiens, and any theory that 
sets our earth or our galaxy on a plane above the normal scheme of 
things is viewed with suspicion, and will only gain provisional accept- 
ance as a last resort to save the phenomena. Yet if the spirals were as 
near as they were thought to be, and the galaxy as large as was thought, 
then certainly the galaxy was a giant among them. The distance de- 
terminations were accordingly suspect. This slur on the early distance 
determinations was, however, removed by two subsequent develop- 
ments. First, it transpired that the estimations of galactic diameter were 
too large: its supposed diameter of 300,000 light years has been reduced, 
as a result of new knowledge about galactic absorption, to something 
nearer 100,000 light years. And at the same time the spirals have been 
shown to be larger than originally suspected. That the brightness of a 
spiral such as M.y falls of? gradually toward its perimeter has been 
demonstrated by the fact that the longer a plate is exposed, the larger 
the area of nebula that is recorded. But the degree to which this exten- 
sion could be carried was not realized until extremely delicate photo- 
metric investigation with a photoelectric cell proved that the nebula is 
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at least twice as large as is visually apparent. The combination of these 
revised estimates of the size of the galaxy on the one hand, and of the 
spirals on the other, has gone far toward removing the original dis- 
crepancy and has reduced the star system to a scale comparable with 
that of the late-type extragalactic nebulae. Though there is still con- 
siderable uncertainty regarding the precise size of the galaxy, the in- 
vestigation has proceeded far enough to justify the confident statement 
that the spiral nebulae are indeed 'comparable galaxies.' 

IV. CONTENT 

Having established these preliminary agreements between galaxy and 
spirals as regards rotation, size, and mass, we can now proceed to a 
comparison of their respective contents, so far as these are known. 
And here some of the most impressive evidence for the identity of the 
two is to be found. 

Stellar resolution in a considerable number of the nearer nebulae has 
been confined to the late-type spirals. A number of interesting facts 
concerning the stellar and other identifications are worth collecting to- 
gether. 

i. XhjHSi^ 

staroiIldJt^^ so f ar 

as the evidence goes, galactic and nebular stars are built on the same 

pattern. 
ii. Variables of precisely the same es,^alatt^ 



in great profudon^ 

iii. ,Novae,_which also occur in great numbers in the spirals, are 
similar to galactic novae in appearance and behavior. 

iv. Pa^chfi&joLhugl^^ are of common occurrence 

in the spirals, as in the galaxy. 

v - DSkjlbiil^Jik ewise occur abundantly in both. Among spirals, 
it is~most noticeable in the edge-on nebulae, where it appears as a 
peripheral band. 

vi. Y2Lat r l/Miffa jind even open clusters of the galactic type occur 
in the late spirals: in addition, the spectroscope indicates that in many 
cases the visually unresolvable nebular nuclei consist of star clouds, 
which, seen from a smaller distance, would no doubt resemble the 
clouds of our Milky Way. 

vii. The peculiar distribution of the globular clusters has already 
been described: though certainly to be classed as galactic objects, they 
are for the most part situated outside the galaxy as defined by the stars, 
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galactic nebulae, and open clusters (see Fig. 35). In 1932 Hubble an- 
nounced the discovery o 140 objects similarly situated with regard to 
the great Andromeda spiral. These are conjectured to be globular 
clusters, though the identification has not yet been definitely established. 
If they are, the discovery will provide still another, and very striking, 
detailed similarity between the galaxy and a representative extragalactic 
object. 

viii. Finally, there is the close correspondence between the observed 

Both the 



are cixoukuin, plmand higUj^JJaiJ^^ 



I* 1 eac ^ case t ^ ie fl atten i n g 1S tne result 



of this rotation. 

THE GALAXY AS A LATE-TYPE SPIRAL 

All this constitutes an impressive mass of evidence that ^ fipirn 1c anrl 
the gaTax}Tare identical types opbicct:j;hat, in other words, our own 
stellar system is a late-type spiral... Reviewing this evidence, it becomes 
S^^^ n hulafi ? rf * tril] Y 



'com na rablc i* al axjes* : that they dijQ[cL,JbcPlU >&&, another primarily as 
regards ge)' or dgree of development ajong the s^qyfn^e of observed 

k^ah^ 



it is not an early spiral is indicated by the prevalence of^yjjjjjjj^s and, 
generally, the hifih degree of resolution jreached. That it is not an ir- 
regular nebula, despite this advanced stellar resolution, is established 
by the evidence for rapid rotation, which must involve rotational sym- 
metry a characteristic which the irregular nebulae notably lack. 

We may, then, envisage the gaiqaHfrnas-a-. lrnrirjjkr a ._Jhctero^eneous 
congeries of stars and other m^tte?^prnfaa^^ 

tight-years in dipra^t^t^J^ major axis is from seven to ten times as 
great as its minor axis, this highly flattened form deriving from its 
rapid rotation. The galactic center lies among or beyond the star clouds 
in the Sagittarius region of the Milky Way, and at a distance of about 
one quarter of the galactic diameter. 

In addition to stars and star clouds, the system contains a vast 
amount of undifferentiated matter, partly gaseous and partly meteoric. 
Not only does irregular nebulosity, capable of the complete obscuration 
of radiation passing through it, abound in the median plane, but the 
whole system is permeated by an even more tenuous absorbing medium 
which is probably of a gaseous nature. An analogy may possibly be 
drawn between the peripheral absorbing matter seen in edge-on spirals, 



30O QUALITY THE NATURE OF THINGS 

and that which is responsible for the great rift which splits the Milky 
Way into two streams between the constellations of Cygnus and 
Centaurus. The obscuring matter is concentrated toward the galactic 
center and probably masks this center from the terrestrial observer. 

It is probable that the remains of spiral arms unwinding from the 
central regions would still be visible to an extragalactic observer. Not 
only do the studies of the extragalactic nebulae show the existence 
of such arms to be most probable, but Oort's complex and painstaking 
analyses of stellar distribution and comparative star density may be 
interpreted as revealing their actual existence. It is within them that 
the star clouds (including that containing the Local Star Cloud) would 
be chiefly located, the regions between the arms being characterized 
by considerably lower star densities. 

Trumpler's three-dimensional model of the open cluster system also 
reveals traces of spiral structure. In particular, the clusters in Auriga, 
Cassiopeia, and Perseus appear to delineate a spiral arm, and Trumpler 
believes that the galaxy is, as viewed from the north galactic pole, a 
right-hand spiral. 

This is as far as we can go with existing equippient. All the more 
fundamental problems connected with the large-scale structure and 
organization of the universe must probably await observations with the 
2OO-inch giant of Palornar for solution. The future will always hold in 
store greater and more magnificent conceptions than the past; and, 
despite the awe-inspiring achievements already realized, it is to the 
future that we must turn our eyes. 
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AN INTRODUCTION TO SPHERICAL ASTRONOMY AND 
SYSTEMS OF TIME MEASUREMENT 



SPHERICAL SPACE 



The concept of the sphere as the perfect solid has been familiar to 
philosophers and scientists for at least three millenniums. In all of the 
ancient systems of astronomy we find the sky referred to as a spherical 
dome spreading above the earth. In the early years of the fourth century 
B.C. the concept of the earth itself as a sphere was introduced, and by 
the latter part of the third century actual observations had been made 
for the determination of dimensions of this spherical earth. Hipparchus 
invented trigonometry during the second century B.C. and applied it to 
calculations of distances and directions in a space confined to the sur- 
face of a sphere. bi^all^Qf^tji^n^a^jysrfj}i,fi J r.b^ ...... jattk^afa^^ 

fixed at the center^f^,^,^^^ This sphere revolved 

abouttheesurm once each day, with the moon, sun, Mercury, and the 
other planets all moving in spheres between the outer star sphere and 
the spherical earth. This system was completely described by Ptolemy 
during the second century of the Christian era and remained virtually 
unchallenged until the sixteenth century. 

In spite of the fact that we now know that the earth is not spherical, 
that the planets do not move in spheres, and that the stars are not 
attached to any sphere that revolves about the earth, nevertheless for a 
great many problems in spherical astronomy the ancient concept is still 
employed in a modified form. For all except the refined problems of 
geodetic surveying the earth may be considered a sphere. In all except 
the complicated problems of modern cosmography we may consider 
the stars at attached to a celestial sphere centered on the earth, with the 
moon, sun, and other members of the solar system projected out to 
the surface of this sphere. The general problems of this projecting of 
relatively close objects out to the star sphere are discussed under the 
general topic of parallax in Chapter in. 



of jsherical astronomy it is jnore jc s gay,euient to speak of the star sphere 
as revolving about a fixed earth thanjt isjojgeaJ^yerjMdi^ of the a 
parent^ volution of the star j^here^dkie to the rt 
onts axis. 
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CO-ORDINATE SYSTEMS IN SPHERICAL SPACE 

The method of locating the position of a point in a plane relative to 
some fixed point in the plane by the so-called rectangular Cartesian sys- 
tem is known to most people. For example, in a well-ordered class- 
room a teacher may locate any student in the -room by counting rows 
from the front of the room toward the back and seat numbers to the 
right or left of the aisle immediately in front of the desk. For example, 
John Doe in fifth row third seat right. Tojbe more explicit we draw 
two perpendiculja: , lilies throjugh the, reference point and ^measure co- 
oicjinates oT X as plus or minus distance from this origin of co- 
ord^at^aloiigjme line and co-ordinates of Y as so many units of dis- 
tance plus or minus along the perpendicular. 

In spherical space (that is, space confined to the surface of a sphere) 
we encounter difficulties with the so-called rectangular Cartesian co- 
ordinates : There are no 'straight* lines, and there are no familiar units 
of distance. Any plane passed through the center of a sphere will cut out 
on the surface a circle known as a great circle. Lines drawn from the 
center of the sphere to two points on the surface will subtend a definite 
angle at the center of the sphere. In astronomy we use three systems 
for measuring angles: 

i. The familiar degree, minute, and second system in which 60' 
one degree and 60" = one minute. Accordingly, one circumference is 
360, or 21600', or 1296000" oaxc. 

~2. The hour, minute, and second system in which one circumference 
=~^2Jhiours, 3440^ minutes, or S^^ojgi^eainds of time. 

3. The radian system in which 2 ft radians = one circumference. 
Hence, one radian = 5J.2<)5J& = 3^81972. 

The length of the arc of the great circle between the two points in 
spherical space may be given in either one of the three systems of angle 
units mentioned above, the numerical value being equal to the plane 
angle subtended at the center of the sphere between the radii to the 
two points. This distance cannot be expressed in linear units (i.e. feet, 
yards, miles, meters, et cetera) unless the radius of the sphere is known 
in those units. i , 

To^^jgLJL^L-J^Ji^^ a l me 

tbr_Q]_ipfe. the , ClP l O l tfiKn..Q l ,,thfa.-j'Sp.h^If: CC I n JEifi; 54) AiLJSd^ 

gurface of thg gghffg jn jhc ^ We next pass a plane 

through the center of the sphere that is perpendicular to the line just 
described. This plane will cut out on the surface of the sphere the 
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great circle QDVQ'. Thp jj 



PCP f is JcBown asdi 
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the plane is known as 

QDVQ' is known as rrrjjinr*nrmntnl HHrr nf 



and the great circle 



. We next select a point D on the fundamental circle (or a direc- 
tion CD in the fundamental plane) . Th^^uadanaefttalJtfic, giauc, and 




pomt or 



Figure 54. 



what is known as the 



spherical space, just as the origin and the two perpendicular lines (axes) 
define uic reference frame for rectangular Cartesian co-ordinates in 
plane space. To locate the position of a point B in the spherical space 
relative to the reference frame just established we pa^^sjapdaia^*,t]ii i jQugh 
B jjiat conuiasi, lhj0^adamaital.,,Jiu^. This plane cuts out on the 
spherical space the great circle PBVP'V. From elementary conditions 
of solid geometry this plane must be perpendicular to the fundamental 
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plane and the great circle must be perpendicular to the fundamental 
circle at points V and V. 

The first co-ordinate of B is measured from D along the fundamental 
circle to V and the second is measured along the great circle containing 
B from V to B. In Fig. 54 these spherical co-ordinates are designated by 
a and P respectively. It will be noted that they are numerically equal 
to the plane angles DCV and VCB. 

SPHERICAL CO-ORDINATES ON THE EARTH 

As early as the second century of the Christian era cartographers had 
discussed the spherical co-ordinates of latitude and longitude on the 
earth. The terms probably arose from the fact that the then-known 
civilized world extended around the Mediterranean Sea, which is long 
in the east-west direction and wide in the north-south. In terms of our 
definitions of general spherical co-ordinates we define those on the 
earth in the following manner: 

1. The/f undani^iital line /& JEhat Passing , ,^f pug h the center of the 
earth a t nfl the nQr.t^a^'.sou r tJb^Ql^.-pf rotation. 

2. The fundamental circle, known as the terrestrial equator, is cut 
out by the equatorial plane passing through the center of the earth 
perpendicular to the axis of rotation. 

3. Planes passing through the earth that contain the axis of rotation 
cut out on the surface of the earth great circles known as terrestrial 
meridians. The fundamental^cdnt in the terrestrial system of spherical 
co-ordinates is the point of intersection of the meridian through Green- 
wjch^Enghusir^^^ equator. 

To define the position of a place on the spherical earth we pass a 
meridian through that place and measure the co-ordinate of longitude 
from the point of intersection of the meridian through Greenwich 
either east or west along the equator to the point of intersection of the 
local meridian through the place and the equator. The co-ordinate of 
latitude is measured along the local meridian north or south from the 
equator to the place in question. Loagitwle may be expressed either in 
hours, minutes, and seconds of time,/)f in degrees, minutes, and sec- 
onds of arc east or west from Greenwich. J^ade~is always expressed 
in degrees^ minutes, and seconds north or south of the equator. 

Navigators frequently find it convenient to express distances on the 
surface of the earth in linear rather than angular units. For this purpose 
the nautical mile is defined as one minute of arc on a great circle of a 
sphere whose area is equal to the area of the theoretical geoid (a sphere 
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slightly flattened at the poles) . Using the values for the dimensions of 
the earth accepted at the present time the nautical mile is found to be 
equivalent to 6080.27 feet. Within an error of 2/10 of i per cent this is 
equivalent to 15/13 of the statute mile of 5280 feet. 

HORIZONTAL SYSTEM OF SPHERICAL CO-ORDINATES ON THE 
CELESTIAL SPHERE 

The r'f^l^M^la-LgnlAf rp is defined as a snhf.rg of jjiiiJiilji3xljjJaL~^OLQ LLI 
earth at the center. On such a sphere all distances must be expressed in 
angular units. In the horizontal system of spherical co-ordinates the 
fundamental line (see Fig. 54) is the cHrcctic^^ 

any nk^-yer on the surface n tj^^arth. This line intersects the celes- 
tial sphere in the .observer'sCzqfiit^and^Hi^The pjane perpend iculaj 
to this line, or the fundamental plane, 1>g ^ planp nf . 



. horizon. The fundamental direction is the direction of true 



north on the horizon. All great circles on the celestial sphere that con 
tain the direction of the plumb line, and hence pass through the ob 
server's zenith and nadir, are known as vertical circles. T 



position of an object on the celestial sphere in this horizontal system 

nf rn-^rdina'tes we pp ' fl vprHral cirrle through the object. The CO- 



dinate ofcjjearija&jsjijg^^ (i.e. 

true north) on the astronomical horizon toward the east through 360 
to* the point of intersection of the vertical circle through the object and 
ihe horizon. The co-ordinate of altitude is measured from the plane 
of the horizon along the vertical circle to the object. For many cen- 
turies the word azimuth was used to indicate the direction of the point 
of intersection of the vertical circle through the object and the horizon. 
The q^u^pjog^ tj^jmgylar^ di&Ujnce frpm, 

means 



.-- 
That azimuth, in the strict sense of the term, is equal to the bearing as 

defined above minus 180. 

This system of co-ordinates is more or less familiar to everyone. If you 
should look out of the window and notice a strange object in the sky 
which you could not identify you might well call your neighbor on the 
telephone. Since he cannot see you, you could not point to the object 
and say, 'It is right up there,' but you could say, 'The object is in the 
southwest and up about a third of the way from the horizon.' To ex- 
press these co-ordinates scientifically you would say, 'The object has a 
bearing of 225 and altitude of 30.' If the object were in the east, you 
would say, 'Its bearing is 90'; if in the northwest, 'Its bearing is 
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Since the fundamental line in the horizontal system of co-ordinates 
is the direction of the plumb line through the observer, it should be evi- 
dent that at any particular instant the horizontal co-ordinates of an 
object on the celestial sphere will be different for every individual on 
the surface of the earth. If two observers are separated by a distance of 
one nautical mile, the positions of their respective zeniths will differ 
by one minute of arc. As a matter of fact, all of the astronomical 
methods Jpr determjnirig the position of an observer on the ..... surface of 
thejStfi majjbe reduced to thy one fundamental problem of determin- 
ingjhe location of the zenitri on the celestial sphere. 

ThiTriS of the heavens has noticed that the hori- 

zontal co-ordinates of practically all celestial objects are continually 
changing from minute to minute. These diurnal motions are described 
in Chapter i. Because of these variations of horizontal co-ordinates with 
change of position of the observer and also with the passage of time, 
they cannot be used conveniently for compiling a general catalogue of 
positions of stars for the entire heavens. 



ryfTFM flf JFH^ffTf^ ^-nfiftT]* 4 * ON THE 

CELESTIAL SPHERE 

In Chapter i we saw that the changes in the horizontal co-ordinates of 
an object are due to the rotation of the earth. To compensate for this 
motion we set up on the celestial sphere a reference frame directly cor- 
related with the direction of rotation of the earth. 

TYi** fuf\ ijfmapnffll line in this equatorial system of celestial cp-pf dilutes 
ishe axis pf rotation of the eart^, f^HflH to mpf t lt e celestial sphye 
poles of rotgfrip"--3ft* fufldamfinJalj&ne, per- 



pendicular to this line, is nr r j}pr)t with ^ -gqiiatnrigl plane of 
rTrtjh nnrl Hi" 1 i) 1 '""^i''^ iipl'ii' !'* the fynpqf rirnlpnknnwn as the 
Hntial rn ilatftr - Planes passed through the celestial sphere that contain 
the axis of rotation cut out on the surface of the sphere great circles 
known as hour circles. That particular hour circle that passes through 
the observer's zenith and nadir is also a vertical circle and is known as 
the local celestial meridian of the observer. 

In - 1 -^f ........ r 1 T ^ tijg,,* *fr- ~* M rom. in 




vernal equinox^ 
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To define the position of an object on the celestial sphere by the 
equatorial system of co-ordinates we pass an hour circle through the 
object. 

1. The first co-ordinate is measured from upper culmination in the 
direction of rotation of the celestial sphere through 360 or 24 hours 
to the point of intersection of the hour circle through the object with 

("hf* PC1113t"Or 1 n(* SCCOnd r*f~>-r^f<rliriQt;/? ig Tyif^ocnrpri fllonp* tnf* n OLLtL_/lLOzil:L 

from the equator north (+) or south ( ) to the object. Thf^jwo qfr 
nrjdjna^ are kjinwn 3^ ^S^^Sjfe anc ^ declinaitjon respectively. 

2. The first C0-Qrdir)atf ic.mp^i^pH f r nnf>:h?jprna1 rqiiinnY.. 

1 ~"~ * ^1 V *. t A~ 4. t *.U ^t-~S^~ 

the ^Qlinln^ 1r> +h^ '^fn-imi nr^nf-r.o.yy J-p fKnf Q| fff rnf^||pr| 



the hour circle thrpiifyh^jJi^nhji 3 'r.f pndtbp equator. Tb^Si.nj? l^riowri as 
rjrjjii.i niifinmtn The other co-ordinate of declination is as defined 
under i. 

As the celestial sphere rotates, the co-ordinates of declination and 
right ascension remain fixed, since the rotation of the sphere is parallel 
to the equator and the vernal equinox is a point on the equator. How- 
ever, the co-ordinate of hour angle continually increases from zero with 
the object on the meridian at upper culmination around through 24 
hours or 360 back to culmination again. 

Catalogues are published for the stars that are 'fixed' on the celestial 
sphere, giving the right ascensions and declinations for some particular 
epoch such as 1950.0. Due to precession and nutation, the position of 
the vernal equinox on the equator changes slightly with time, and small 
corrections have to be applied to the catalogue positions to get the 
actual positions of the stars on dates other than that of the epoch of the 
catalogue. Slight corrections to catalogue positions must also be applied 
to allow for proper motions when these are known. Ephemerides and 
almanacs are published each year giving the right ascensions and de- 
clinations of the various members of the solar system for each date. 

OTHER SYSTEMS OF SPHERICAL CO-ORDINATES ON THE 
CELESTIAL SPHERE 

A number of other reference frames for spherical co-ordinates are 
used in certain particular fields of astronomy. Among these may be 
listed: 

i -.A system usinfi the ecliptic as the fundamental plane, and the 
vernal I fnni no Y a<; tnp fiindarn^ptajjppint QT] rji^ ^Jjnric. In this system 
celestial latitude and longitude are defined. These are used by workers 
in the field of celestial mechanics. 
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TABLE OF SYSTEMS OF SPHERICAL CO-ORDINATES DISCUSSED IN THE TEXT 
Figure 54 Terrestrial Horizontal Equatorial 



Line PCP' 


Axis of rotation 
of earth 


Plumb line at 
station 


Axis of rotation of the celestial 
sphere 


Plane QDVQ' 


Plane oi equator 


Plane of horizon 


Plane of celestial equator 


Circle QVQ'V 


Terrestrial 
equator 


Astronomic 
horizon 


Celestial equator 


D 


Meridian of 
Greenwich, 
England 


True north 
point of 
horizon 


Upper culmina- Vernal Equinox 
tion of equator 


VBP 


Local Terrestrial 
meridian 


Vertical circle 


Hour circle Hour circle 


a 


Longitude 
Long, or X 
WestX=+X 
East X= X 


Bearing 


Local hour angle Right ascension 
LHA RA or a 


ft 


Latitude 
Lat. or <p 
north <p-\-<p 
south <p= <p 


Altitude 
h 


Declination Declination 
dec. or 5 dec. or 5 
north 5=-r~6 north 5=4-5 
south 5= 5 south 5= 5 



The symbols shown below the various terms above are standard m astronomy and in navi- 
gation. These symbols are those used in the text. 

2. The galactic system, which uses the plane of the galaxy as the 
fundamental plane. The fundamental point on the 'galactic equator' 
is one of the points of intersection of the celestial equator with this 
great circle. This system of co-ordinates, in which galactic latitude and 
longitude are denned, is used by workers in the field of general 
cosmography. 

TRANSFORMATION OF CO-ORDINATES 

In order that the horizontal co-ordinates of an object may be deter- 
mined when the equatorial co-ordinates are given or the equatorial co- 
ordinates determined when the horizontal are given, both systems of 
co-ordinates must be represented on the celestial sphere. In Chapter i 
we saw that the altitude of the pole of rotation of the celestial sphere is 
equal to the latitude of the observer. Figure 55 is a representation of 
the celestial sphere for an observer in latitude 42 North. The plane 
of the paper is the plane of the observer's celestial meridian shown as 
the circle NPZSP'. The zenith, Z, is shown at the top and the horizon 
is shown as the circle NESW. P represents the north pole of rotation 
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and is on the meridian at an altitude above the north point of the hori- 
zon by an amount equal to the terrestrial latitude of an observer in 
north latitude (in this case 42 N.). The celestial equator is shown by 
the circle LEUW. The direction of the arrow indicates the direction 
of rotation of the celestial sphere. On the diagram we have shown a 
celestial object at O and through it we have passed the vertical circle 
ZOB and the hour circle POH. The horizontal co-ordinates of O are 




Figure 55. 

represented by the altitude, BO, and the bearing, NESB. (In the figure 
the altitude is approximately 52 and the bearing approximately 
218). The equatorial co-ordinates of O are shown as hour angle UH 
and declination HO. (In this case the hour angle is approximately 
i h 30 ra and the declination approximately 10 N.) The right ascension 
of the object cannot be determined unless we know the hour angle of 
the vernal equinox. If we assume the vernal equinox to be at the point 
represented by the point V at hour angle of 05*" io m , then the right 
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ascension of the object, would be VH f or about three hours and forty 
minutes. 

The spherical triangle PZO is known as the astronomical triangle. 
The sides of this angle may be seen to be equal to: 

PZ=go<p (<p latitude) 
Z0= 90 A (h= altitude) 
PO = 90 d (8= declination) 

The apex angles of this triangle are: 

ZPQ=t(t= hour angle) 
PZO= 360-5 (B= bearing) 
ZOP=q (<7=parallactic angle) 

If we know any three parts of this triangle the others may be deter- 
mined by the methods of spherical trigonometry. The various prob- 
lems in that branch of astronomy known as spherical astronomy and 
the majority of the problems in celestial navigation are concerned 
with the trigonometric solutions of this astronomical triangle. 

For those who are not familiar with trigonometric methods or those 
who are interested only in approximate results, very satisfactory solu- 
tions may be made by graphical methods. The first step is to draw a 
circle that will represent the observer's celestial meridian. Place on that 
circle the zenith and draw in the celestial horizon; then place on the 
meridian the pole of rotation, at an angle above the horizon equal to 
the latitude of the observer, and draw in the plane of the celestial 
equator. Since the equator is 90 from the pole, by definition, the alti- 
tude of the point of upper culmination will be equal to 90- latitude. 
The point of intersection of the horizon nearest to the elevated pole 
will be the north or south point of the horizon, depending upon whether 
the observer is in north or south latitude. The east and west points of 
the horizon may be established by remembering that objects rise in the 
east and set in the west and, therefore, once the direction of rotation of 
the sphere is indicated, as by the arrow in Fig. 55, the east and west 
points are determined. 

--may be focated-ei* the, diagram, it is 



or the equatorial 0-o*dkiates. If the 
horizontal co-ordinates are given, the bearing is estimated around the 
horizon from the north point toward the east through 360 and a point 
marked on the horizon. In Fig. 55 the bearing is given as 218 and the 
point on the horizon will be 38 along from the south point (180) 
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toward the west point (270). Through this point the vertical circle is 
drawn through the zenith and the nadir. The object is then located by 
estimating the altitude up from the horizon along this vertical circle 
(52 in the case discussed in Fig. 55) and the point O is marked. To 
represent the equatorial co-ordinates of the object, the hour circle 
(POP') is drawn through the object and the poles of rotation. The 
hour angle, UH, is estimated along the equator from its point of upper 
culmination to the intersection of the hour circle through the object 
(i h 30 in Fig. 55). The declination, HO, is estimated along the hour 
circle from the equator to the object (-j-io in Fig. 55). The declina- 
tion will be either north or south (-(-or ) depending upon whether 
the object is between the equator and the north or south pole of the 
celestial sphere. 

These estimations of angular distances along the various circles, 
which are projections of great circles on the sphere onto the plane of 
the paper, require considerable practice before proficiency is attained. 
More accurate results can be obtained by drawing the circles on the 
surface of a sphere, and the most accurate results are obtained by 
trigonometric solution of the astronomical triangle, PZO. However, 
with sufficient practice, results accurate to within 10 in each of the 
unknown co-ordinates can be obtained. A set of sample problems will 
be found at the end of this appendix. If the object is east of the meridian, 
that is, with bearing less than 180 or hour angle greater than 12 hours, 
it may be more convenient to bring the east point of the horizon to 
the front side of the diagram. This can be done by simply considering 
the sphere to rotate in the opposite direction from that indicated in 
Fig. 55, that is, by pointing the arrow on the equator in the opposite 
direction. 

Small circles drawn through the object parallel to the equator will 
represent the diurnal path of the object and the points of intersection 
of this circle with the horizon (i.e. where the altitude is zero) will 
give the bearing of the points of rising and setting. The altitude of 
the point of intersection of the diurnal circle with the equator (i.e. 
the point of upper culmination of the object) may be proved, by simple 
geometry, to be equal to 90 the latitude of the observer. Navigators 
and surveyors measure the meridian altitude of an object of known 
declination for the purpose of determining their latitude. 
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PHYSICAL TIME AND ITS MEASUREMENT 

In the physical sciences time is regarded as a measured duration. Two, 
intervals of time are equal, by definition., when an object moving in 

jsstuiJils^^ throu J?!i. .sauaLdSaaacfi^n .^, % J W U 9 Joteryals. The 

moving object may Ke considered as the clock and for many millen- 
niums mankind, either consciously or unconsciously, has used the 
rotating earth as the fundamental clock. To be in equilibrium an object 
cannot be acted upon by any external forces, or if such forces do exist 
they must completely cancel each other. A moment's consideration will 
show that the earth is acted upon by a great variety of external gravita- 
tional forces, and timekeeping devices developed within the present 
century have begun to detect slight irregularities in the rotation period 
of the earth. However, for timekeeping within an accuracy of a few 
seconds per century the rotating earth, or the apparently rotating celes- 
tial sphere, may be considered as satisfying the definition of the funda- 
mental clock. 

To determine the distance moved by the fundamental clock there 
must be some fixed point outside the object relative to which the move- 
ment can be measured. Up to the present time no such fixed point has 
been found outside of the earth. The systems of timekeeping developed 
through the ages have used various objects that we now realize are 
not fixed points on the celestial sphere. At the present time three such 
objects are employed: the real sun, the mean sun, and the vernal 
equinox. 

APPARENT TIME 

The earliest systems of timekeeping of which we have any records used 
the true sun as the reference point. The Babylonians and early Greeks 
divided the day, from sunrise to sunset, into twelve equal parts and 
the night into twelve equal parts. This meant that the day hours were 
longer than those of the night during the summer season, while in the 
winter season the reverse was true. Our own method of dividing the 
day comes from the Egyptians and Romans, who divided the whole 
day into twenty-four equal parts numbered in two groups of twelve. 
The various peoples began their day at different times. For the Baby- 
lonians the day began at sunrise, for the Jews and Greeks at sunset, 
and for the Egyptians and Romans at midnight. In every .c,a$e,.lhe, 
twenty-four-hour day was equal in length to the time required for the 
sun to pass from culmination with the meridian back to the same 
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culmination again. Due to the fact that the apparent motion of the true 
sun along the ecliptic is not uniform, the length of the solar day varies 
with different seasons of the year. For the ancient peoples this presented 
but little difficulty. During the interval while the sun was above the 
horizon the hours could be marked by the position of a shadow cast 
by an obelisk or a gnomon. The crude timekeeping instruments for 
marking the hours of darkness or cloudy days were so inaccurate that 
the variations in length of the day introduced but little confusion. In 
these modern days true solar time is seldom used by the general public 
except for the ornamental sun dials that are found on various buildings 
and in many parks and gardens. 

For many problems in surveying and in navigation, apparent time 
is still used and the apparent solar time at any instant is defined as the 
hour angle of the true sun. From the definition of hour angle we find 
that the apparent solar time is oo h oo m oo s with the sun above the horizon 
and on the meridian. For civil purposes it is more convenient to have 
the day begin with the sun below the horizon and on the meridian 
(i.e. at midnight). For this reason it has become the standard practice 
to use apparent civil time, which is the hour angle of the true sun 
+ i2 h rather than true solar time. This means that when the true sun 
is on the observer's meridian and above the horizon the apparent civil 
time (frequently called apparent time) is i2 h oo m oo s . 

MEAN AND CIVIL TIME 

With the improvements in the design of mechanical clocks the varia- 
tions in length of the true solar days became intolerable. These varia- 
tions in length are due to the fact that the true sun is moving in the 
ecliptic with variable speed, while the celestial sphere is rotating paral- 
lel to the celestial equator. To compensate for these motions a mean 
sun is defined as a fictitious object that moves along the equator with 
uniformly increasing right ascension, completing its revg 

). M/*an snlar tirne_is defined as the h 





m order that the zero hour, or beginnutg" oflTrlay, 
the hours of darkness in most of the inhabited 
regions of the earth, civil time is generally used and this is defined as 
mean time -)-i2 h . Since the mean sun is a fictitious object it cannot be 
observed, and mean time can never be found by direct observation. 
Apparent time, which can be directly observed, is converted to mean 
time by use of the equation of time. The equation of time is defined 
as apparent time minus mean time. The following table indicates the 
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values of the equation of time for the first day of each month of the 
year 1950: 



a.m. 



i January 
i February 



- 3" 
-13 

12 

- 4 

+ 2 
+ 2 



14" 
2 5 
38 
12 

50 
27 



i July 
i August 
i September 
i October 
i November 
i December 


a, 

- 6 
o 

+ 10 

+ 16 


.m. 
m 3i B 
16 

OI 

18 
16 



i March 
i April 
i May 
i June 

These values remain constant from year to year to within a few seconds. 
In many countries the archaic custom of dividing the day into two 
twelve-hour periods is still in use. The clay begins at zero hours mean 
time and then continues until twelve o'clock noon. From this point the 
counting is repeated from one hour to twelve hours midnight. On this 
system the morning, or a.m., hours are actually civil time while the 
afternoon, or p.m., hours are mean time or true hour angle of the mean 
sun. The mean solar day, that is the interval from midnight to mid- 
night, is equal in length to the average of the lengths of all the apparent 
solar days during a year. 



SIDEREAL TIME 

jdereal time , is 
the hour 



equinox. In F 
hour angle, U 




astronomers for the gurgose of determining 
tl objects when their right a^miaa&*ai 
is defined as rbp hour angle nf thr vernal 
r ernal equinox is assumed to be at V and its 
fours and 10 minutes. This means that the sidereal 

time at the instant for which the diagram is drawn is O5 h io m . The 
hour angle, HA, of the object represented in Fig. 55 is oi h 30 m . Since 
we have already defined right ascension as the angle measured 
along the equator from the vernal equinox in a direction contrary to 
the direction of rotation of the celestial sphere to the point where the 
hour circle through the object intersects the equator, it should be im- 
mediately evident that the right ascension of O must be O5 h io m minus 
oi h 30 ra or 03 h 40 m . Conversely, if the sidereal time is given and the 
right ascension of any object, a, is known, then the hour angle of the 
object, t, can be immediately determined from the relation Q-a=t. 

Since the^ yernaJjgaui nox is d^filisi^L^ 

eqtrtT5Tlm3tn no objective reality and hence sidereal 

time cannot be directly observed. However, a brief consideration of the 
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relationship between sidereal time, hour angle, and right ascension will 
show that when an object is on the meridian at upper culmination its 
hour angle is zero, by definition, and the sidereal time at that instant 
will be equal to the right ascension of the object. In the almanacs pub- 
lished by all of the major governments of the world the 'clock stars' 
are listed at great length. The right ascensions of these clock stars are 
accurately known and, by means of an instrument known as a meridian 
transit, the exact instant, or sidereal time, of the passage of these stars 
across the meridian can be determined by observation. Observations of 
the transits of these clock stars are made at the U.S. Naval Observatory 
and at the government observatories of many other nations; these 
accurate determinations of sidereal time form the fundamental basis 
for the timekeeping systems of the world. 

SIDEREAL AND MEAN TIME 

From the definition already given for the mean sun it should be evident 
that there is one more 'sidereal day' in a year than there are mean solar 
days. This means that a clock keeping sidereal time will gain on a 
clock keeping mean time by one day in a year or approximately four 
minutes per day (3 55 a -74^ M.S.T.). Looking at it from another point 
of view, we may say that the right ascension of the mean sun is increas- 
ing at the rate of approximately four minutes per day. Mean time has 
been defined as the hour angle of the mean sun and hence the sidereal 
time at any instant is equal to the mean time plus the right ascension 
of the mean sun (6=MT+a MS). An accurate value of the right 
ascension of the mean sun may be determined for any instant of mean 
time by interpolation from an almanac. While this interpolation must 
be carried out for all problems where great accuracy is desired, never- 
theless values of sufficient approximation to locate the position of the 
vernal equinox on a diagram of the celestial sphere similar to that in 
Fig. 54 may be obtained by assuming that the sun moves ahead four 
minutes per day. The determination of sidereal time by this method 
is comparable in accuracy to that of determining civil time at any 
instant by a mechanical clock whose minute hand advances by jumps 
of one minute. 

If we assume that every month is thirty days in length this would 
give a motion to the mean sun of two hours per month. The right 
ascension of the mean sun is zero when it passes through the vernal 
equinox, which takes place on 21 March approximately. Accordingly, 
we should say that the right ascension of the mean sun on 21 June is 
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six hours, on 21 September it is twelve hours, and on 21 December it is 
eighteen hours. If we wish to find an approximate value of the right 
ascension of the mean sun on any particular date, we find the number 
of months that have elapsed from 21 March to that 21 st day of the 
month closest to the given date and multiply this number by 2. This 
will give the number of hours of right ascension. Then find the number 
of days before or after the 2ist of the selected month, multiply this 
number by 4 and subtract or add the number of minutes thus deter- 
mined from the hours. For example, to find the right ascension of the 
mean sun on 15 August: 21 August is the closest integral month date 
and this is the fifth month from 21 March. Hence, 5 rn X2 h ~io h . The 
date for which we are determining the right ascension is 15 August 
or six days before the 21 st. Therefore, we must subtract 6X4 24 
from the io h . This gives the value MS=09h. 36m. on 15 August; a 
value that differs from that given in the U.S. Nautical Almanac for 
1950 by about five minutes. Since five minutes of time is equivalent 
to i 15' of arc, the error of determination of the right ascension of 
the mean sun is considerably less than the errors of estimation of angle 
on diagrams similar to Fig. 54. 

TIME, TERRESTRIAL LONGITUDE, AND STANDARD TIME 

In all of the definitions of time given thus far we have used the hour 
angle as measured from the observer's local celestial meridian. Since 
any celestial meridian is the projection of a terrestrial meridian onto 
the celestial sphere, the times at any particular instant for observers on 
different meridians of longitude will not agree. The angular difference, 
measured along the equator, between any two meridians is equivalent 
to the difference of terrestrial longitude and, hence, is equivalent to 
the difference in time. Since the fundamental meridian for defining 
terrestrial longitude is the meridian of Greenwich, England, it should 
be evident that the difference between any local time and the cor- 
responding Greenwich time at the same instant is equal to the longi- 
tude of the observer. Because of this, many writers define longitude 
as the difference between local time and Greenwich time and express 
this longitude in units of time measurement. Expressed in symbolic 
form this definition becomes Ji=GXT LXT, in which the X refers 
to the symbol for any sort of time, either solar, apparent, mean, 
civil, or sidereal. In even more general terms longitude may be defined 
as the differe^ hpur aagle of a giYeji object 

and the local hour angle of the same object at the same instant 
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(GHA- LHA^A). As mentioned above (p. 310) west longitude is 
called plus (-f-^ is west and A is east). 

Before the days of rapid transportation, individual localities used 
their own local times. Usually the municipal clock indicated the local 
civil time on the twelve hours a.m. and p.m. system. By 1870 the rail- 
road operators had found the confusion of local times to be intolerable 
and each railroad adopted as 'railroad time' the local civil time of its 
main office. While this simplified matters for the railroads it merely 
served to increase the confusion for the traveling public. In 1884 an 
international conference was held and the present systems of zone time 
and standard time were agreed upon. 

For zone time the fundamental meridian is that of Greenwich, Eng- 
land, the meridian from which terrestrial longitudes are measured. The 
time zones are centered on every integral hour (15) meridian west or 
east of Greenwich. These zones are numbered +i, +2, +3, et cetera 
for the i h , 2 h , 3 h , et cetera (+ 15, +30, +45) if the longitude is 
west of Greenwich, and i h , 2 h , et cetera, if the longitude is east. 
The zone boundaries are halfway between the zone meridians. Ac- 
cordingly the +i time zone is entered when a traveler crosses the 
terrestrial meridian 30 m (or 7. 5) west of Greenwich when he is mov- 
ing toward the west, or the meridian i b 30 (22. 5) west if moving 
east. The i2 h zone is centered on the 180 meridian from Greenwich 
and is divided into two half zones + 12 from longitude 172. 5 west to 
longitude 180 and 12 from T72.5 east to the iSoth meridian. When- 
ever time is expressed on the zone-time system the zone designation 
should be given; e.g. (+7) 14 20 33 indicates that the civil time of the 
7th hourly meridian west of Greenwich is 14 20 33 or 02 20 33 in the 
afternoon. 

Zone time is in general use by navigators both on the sea and in the 
air. Approximations to zone times are used by most of the nations of 
the world. In the United States we use standard time and there are four 
zones. These are known as Eastern, Central, Mountain, and Pacific 
standard times and are centered on the +5, +6, +7 and +8 zone 
meridians. The boundaries of the zones are determined by commercial 
considerations rather than by the strict zonal rule. Standard time sys- 
tems have been set up by the various nations. In the small nations the 
standard meridian adopted is frequently that of the national capital or 
that zone meridian which is closest to the capital. 

During the present century the practice of establishing so-called 
Daylight Saving Time has become quite general. This is accomplished 



320 APPENDIX 

by shifting the clock readings so that they carry the zone time of the 
meridian one hour closer to Greenwich than is used on the standard 
time. For example, Eastern Standard Time becomes +4 zone time, 
Central Standard Time becomes +5 zone time, et cetera. 

DATE AND THE INTERNATIONAL DATE LINE 

Calendar dates and days of the week are always begun at midnight 
(zero hours) of the civil time that is used by the particular locality. 
This may be either local civil, standard, or zone time. Whenever a 
date is mentioned in connection with solar, apparent, or sidereal time 
that date is the civil date there is no such thing as a solar, apparent, 
or sidereal date or day of the week. The data given in the American 
Ephemeris, the American Nautical Almanac, and the American Air 
Almanac, in common with similar publications of most of the nations 
of the world, are given for zero hours Greenwich Civil Time 
(oo h GCT). 

In these days of rapid communication and of rapid travel over very 
long distances over the earth the question of calendar date has become 
a most confusing one. This confusion was first experienced by the of- 
ficers of Magellan's first voyage around the globe. They traveled from 
Spain westward across the Atlantic, passed around Cape Horn, and 
continued back to Spain. Very accurate count was made of the elapsed 
days throughout the long voyage and when they returned to port they 
found that one day less had elapsed for them than for those who had 
remained at home. In other words, if they had returned on Tuesday by 
their own reckoning they would have found that it was Wednesday 
at the shore station. The explanation of this can readily be understood 
by assuming that a plane flies due west at such a speed that it will re- 
turn to base in exactly twenty-four hours. This would be possible for 
planes operating from a base in high north or south latitudes. If the 
plane left base at eleven o'clock in the morning on Monday, 20 June 
the mean sun would remain one hour east of the meridian of the plane 
throughout the twenty-four hours. In other words, when the plane 
returned to base the pilot's time would still be noo Monday 20 June 
since the sun had not moved relative to his meridian throughout the 
flight. However the commander of the base would report that the 
plane returned at TIOO Tuesday, 21 June. In order that the pilot's date 
should be in synchronism with that of the base at the time of return, 
the pilot would have to alter his date at some time during the twenty- 
four hours of flight. Had the pilot flown in the opposite direction, i.e. 
toward the east, the sun would have crossed his meridian thirty minutes 
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after departure, would have crossed his meridian at lower culmination 
six hours and thirty minutes after take off, would have crossed again 
at lower culmination eighteen hours and thirty minutes later, and 
would have been one hour east of his meridian at upper culmination 
when he landed. Since the sun had passed through lower culmination 
twice during the eastward flight the pilot's date would have been noo 
Wednesday 22 June on arrival but the time at base would be noo Tues- 
day, 21 June. 

By international agreement a meridian of longitude has been estab- 
lished where moving ships alter their dates on crossing. This so-called 
international date line is theoretically the T2 b (180) meridian of longi- 
tude from Greenwich. In actual practice the date line varies in places 
from the 180 meridian to bring some of the Pacific possessions of the 
various nations on the same side of the date line, and hence on the 
same date, as the national capitals. An interesting problem relative to 
the international date line arose when Alaska was purchased by the 
United States from Russia. Originally the international date line bent 
eastward to bring Alaska on the Russian side of the line, but after the 
purchase the line was shifted to pass through Bering Strait and thus 
put Alaska on the American side of the line. 

Ships crossing the Pacific Ocean alter their calendars when crossing 
the date line. If a ship is proceeding from the United States to Japan 
and arrives at the international date line at three o'clock in the after- 
noon (1500) ship's time on Monday, 4 July the date is immediately 
shifted to 1500 Tuesday, 5 July. If the ship had been on passage from 
Japan to the United States and arrived at the international date line at 
1500 Monday, 4 July, the date would have become 1500 Sunday, 3 July. 

PROBLEMS 

The following problems are based upon the material discussed in 
the various sections of this appendix, with frequent use of subjects that 
have been discussed earlier in the text. The symbolism used is that 
given on p. 310. Whenever a symbol is used that is not given in that 
table its significance will be indicated the first time that it is used. The 
problems should be solved in order, since methods of solution frequently 
depend upon principles illustrated in previous solutions. 

In the transformation from one type of spherical co-ordinates to 
another, the diagrams should be carefully drawn to moderately large 
scale. The printed answers were obtained by trigonometric solution of 
the astronomic triangle. With care in the construction of the diagrams, 
and with sufficient practice in the estimation of angles on the projected 
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circles, results may be obtained that will be accurate to within 10. 

Problems in conversion of time may be solved by a graphical method 
using a circle to represent the celestial equator and showing on it the 
points of intersection of the various hour circles and meridians used in 
the conversion. More accurate results can be obtained by use of the 
various definitions, expressing them in analytic form, and then making 
the conversions by simple arithmetic. In problems that involve two or 
more terrestrial longitudes many computors prefer to transfer the given 
time directly to Greenwich by adding the stated longitude (either local 
or zone) making the necessary conversions in terms of Greenwich 
ti m e and t hen returning to the final longitude by subtracting the 
proper value from the final Greenwich time. Whenever dates are given 
they are civil dates (either local or zone). 

In the solution of problems that require both conversion of time 
and transformation of spherical co-ordinates it is a waste of effort to 
carry through the time conversions with an accuracy of more than one 
minute of time. The errors in the estimation of angle on the diagram 
of the celestial sphere, and also the errors introduced in finding the 
right ascension of the mean sun ( MS) by the short cut method, are 
greater than one minute of time. 

Suggested methods of solution are illustrated below by the printed 
solutions of a few of the problems. 

i. An observer in latitude 42 North (^=+42) finds an object on 
the celestial sphere to have an altitude of 40 and a bearing of 105. 
Find the hour angle (HA) and decimation (<5) of the object. 
HA 2o h 38 m 6= + 1626' See diagram 

Z 2. An observer in latitude 

54 North finds a star to have 
an altitude of 30 and a bear- 
ing of 290. Find the HA 
and 5 of the star. 




Problem i. 



See diagram 

3. An observer in latitude 
30 South finds a star of an 
altitude of 20 and a bearing 
of 330. Find the hour angle 
and declination of the star. 
o2 h i5 m 5= +32 1 6' 
See diagram. 
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4. In latitude +26 a planet is found to have an altitude of 65 and to 
be bearing 124. Find the hour angle and declination of the planet. 

HA= 22 h 36 m 6= + 10 39' 

5. A star is found to be bearing 52 South of East and at altitude 34 
by an observer in latitude 20 North. Find the hour angle and declina- 
tion of the star. 

-25 oo' 

6. A certain object on the 
celestial sphere has an hour 
angle of I9 h 40 ro and a dec- 
lination of +36. Find the 
altitude and bearing of this 
object for an observer in lati- 
tude 42 N. 

r O / r> O / 

# = 40 21 15 = 074 10 

7. A star with hour angle 
O2 h 3o m and declination +15 
is observed from latitude 32 
North. Find the altitude and 

Problem 2. bearing of the star. 

T O / T) O / 

77=51 54 15=252 24 

8. The same star as that used in (7) is observed at the same hour angle 
by an observer in latitude 32 South. Find the altitude and bearing of 
the star. 





Problem 



9. A star of declination 
+68 is observed from 
latitude 66 North at an 
hour angle of I4 h 5o m 
Find the altitude and 
bearing of the star. 

A = 47 i/ B=o2i5 4 ' 

10. A star of declina- 
tion 1 1 is at hour angle 
O3 h 4o m for an observer in 
latitude +32. Find the 
altitude and bearing of 
the star. 

A=22o6' B=2 4 o 13' 
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11. The local civil time (LCT) is 15!!. 24111. 34$. on a date when the 
equation of time (equ.T) is +14111. 15$. Fnd the local apparent 
time (LAT). 

LAT= i5h. 38m. 495. 

12. On a date when the equation of time is icm. 245. the true sun 
in found to be at hour angle 03** i6 m 41 8 . Find the local civil time. 

LCT=i5h. 27m. 055. 

13. Find the local sidereal time (L0) corresponding to LCT 2oh. 3om. 
(i.e. o8h. 30. p.m.) on 15 August. 

L0= i8h. o6m. See solution 

Solution: On 21 March (3m. 2 id.) the aMS =oo h oo m 

+5m. 5X2h. =10 

21 August 8 21 aMS= 10 oo 

6 6X4m. = 24 
15 August 8 15 aMS=o9 36 

HAMS=LCT-i2 =08 30 

0=HAMS+ aMS = 18 06 

14. Find the local sidereal time corresponding to 03!!. 42111. LCT on 
27 May. 

L0=2oh. o6m. 

15. Find the local civil time corresponding to o6h. 24m. local sidereal 
time on 25 December. 

LCT= ooh. o8rn. (i.e. 8 min. after midnight) 

1 6. Find the Eastern Standard Time corresponding to local civil time 
i3h. 24m. 1 8s. for a locality in longitude 04** 5o m 06 s W. 

EST= i3h. 1401, 245. 



Solution: LCT = 13!!. 24m. i8s. 

+X=+4 50 06 
GCT= 1 8 14 24 
zone description + 5 5 

EST = 13 14 24 
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17. Find the Central Standard Time corresponding to local sidereal 
time 2ih. 15111. 245. on 30 June for a station in longitude O5 h 2O m 
13* W. 

CST=oih. 59.6m. 
Solution: 



L0 = 

+x 

G0 = 
-aMS 
GMT= 
GCT = 
-ZD 
CST = 


2ih. 
+5 

02 
-06 

!9 
07 

01 


20 

35 
36 
59.6 
59.6 

59.6 


245. 
13 
37 



1 8. Find the Eastern Standard Time corresponding to zone time 
07)1. 34m. 565. 1 6 July for an observer in X O9 h i8 m io 8 E. 

EST= i7h. 3401. 565. 15 July 

Solution: ZT =(-9) oyh. 34m. 565. 16 July 

GCT= 22 34 56 15 July 

-ZD -+5 

EST = 1 7 34 56 15 July 

19. An Independence Day speech is to be broadcast from Manila, P. I., 
at noon zone time. The longitude of Manila is o8 h 03 E. At what 
date and time will the speech be heard in a region using Eastern Standard 
Time ? 

EST= 23)1. oom. 3 July 

20. A radiogram is sent from Washington, D.C., at O2h. oom. EST on 
5 May to the Hawaiian Islands which are on zone time (+ io). At what 
date and time will the message be received? 

ZT (+10) 2ih. oom. 4 May 

21. A ship is on passage from the Philippine Islands to the United 
States and is approaching the international date line at ZT (12) 
i6h. oom. on Tuesday, io March. Find the date, day of the week, and 
zone time two hours later, the ship having crossed the date line in the 
meantime. 

Monday, 9 March, ZT (+12) i8h. oom. 

22. At the time of the total eclipse of the sun in October 1939 many 
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newspapers carried the headline 'Eclipse Ends the Day Before It 
Began.' Explain the circumstances of an eclipse that would make this 
possible. 

23. The length of the forenoon is usually reckoned as the time elapsed 
between sunrise and noon as indicated by a clock carrying standard time, 
while the afternoon is the clock interval from 1200 to sunset. A city in 
longitude o$ h 35 m W is on Central Standard Time. Which is the 
longer, and by how much, the forenoon or the afternoon at this city on 
a date when the equation of time is +iom.? 

The forenoon is longer by ih. lom. than the afternoon. 

24. The navigating officer of a ship on passage from England to the 
United States observes the altitude of a certain star at GCT 23!!. 17111. 
56s. on 1 6 November (Greenwich date). He solves the astronomic 
triangle by trigonometric methods and computes the hour angle of the 
star to be 20 h i2 m 34 s . From the Nautical Almanac he finds that the 
right ascension of the star is O3 h 37 17 and the right ascension of the 
mean sun is I5 h 38 19. Find the longitude of the ship. 

A=o3 h o6 m 24 s W. or +46 36'. o 

25. The navigating officer of a ship on passage from the Philippines to 
Japan measures the altitude of the sun at ZT ( 10) 17!!. oom. 415. and 
by trigonometric solution of the astronomical triangle finds that the hour 
angle of the sun is 04 h 52 m 36 s . From the Nautical Almanac he find 
the equation of time to be xom. ijs. Find the longitude of the ships 

X= io h O2 m 12 s E. or 150 33'. o 

26. Find the right ascension and declination of a star that has an 
altitude of 18 and a bearing of 145 at Eastern Standard Time 2ih. 46m. 
on 4 July at a station in latitude 38 N. and longitude 05** 2o m W. 

a=i8 h 44 m 6= -25 04' 

27. Find the altitude and bearing of the star Vega (a= i8 h 35 
= +38 44') at EST O2h. 37m. on 19 June for an observer in latitude 
42 N. and longitude O4 h 5o m W. 

=66 if 5=272 30' 

28. Find the altitude and bearing of the star Betelgeux (a=o^ h 52 
3= -\-oj 24') for an observer at Bloemfontein, South Africa, in latitude 
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29 06' S. and longitude oi h 45 E. at ZT (2) 2$h. 4601. on 23 
January. 

=452o' 5=320 36' 

29. At the same instant (not the same clock time) as in problem (28) 
the same star (Betelgcux) was to be observed at Washington, D.C., in 
latitude 38 55' N. and longitude O5 h o8 m W. Find the Eastern 
Standard Time for the Washington observation and the altitude and 
bearing of the star at that time. 

EST= i6h. 4 6m. h= 15 08' =092 41' 

30. Find the Eastern Standard Time of sunrise and the number of 
hours that the sun will be above the horizon for an observer in latitude 
42 N. and longitude 05** 20 m W. on the following dates: 



Date 


d of sun 


Equ. of time 


Sunrise 


Duration. 


21 March 


00 


- 7 m. 


o6h. 27111. 


i2.ooohr. 


21 June 


+23.5 


i 


04 49 


I5- 73 


21 Sept. 


oo 


+7 


06 13 


I2.0OO 


21 Dec. 


-23.5 


+ 2 


07 50 


8.927 



31. The most southerly star of the Southern Cross is a Crucis 
(a= : i2 h 24, 5= 62 49'). Find the greatest northern latitude in 
which this star can be observed and find the approximate date that this 
star will be on the meridian and above the horizon at midnight. 

^=27 11' N. 27 March 

32. The most southerly star of the Big Dipper is in a= io h 19 and 
5=-)-^! 44'. Find the smallest north latitude in which this star is 
circumpolar and the approximate date that it will be on the meridian 
above the horizon and below the pole at 8 p.m. 

^=48 i6'N. 26 October 

33. An item in the daily press of 16 November states that a comet has 
j ust been discovered that is visible to the eye without telescopic aid. The 
position given is right ascension i2 h 40 and declination 15 S. If you 
are living in latitude about 40 N, at what time during darkness would 
you expect to see the comet and in what direction would you look? 

At about 5 a.m. the comet will be above the horizon about 12 and be in 
the southeast by east. 
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34. At a seashore resort on the Atlantic coast a flashing buoy is noticed 
off shore. At 2ih. 30111. Eastern Daylight Saving Time on 25 July you 
notice that the star Markab (a= 23* 02 m , 5= + 14 56') is directly over 
the buoy at an altitude of about 12. Find the bearing of the buoy if 
your latitude is 4iN. 
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Aberration of light, 37-40 
Aberrational motion of stars, 40-43 
Absorption of light in space, 101, 121, 

276 

Albedo, 193 

Altitude, 307 

Angstrom unit, 144 

Angular measure, 304 

Apparent time, 314 

Aristotle, 54 

Asteroids, 205 

Astronomical unit, 77, 89 

Atom, 152-62 

Atomic energy, 160 

Atomic nuclear disintegration, 271 

Atomic number, 159 

Atomic weight, 159 

Azimuth, 307 

Balmer series of hydrogen, 151 

Barred spirals, 286 

Bearing, 307 

Bessel, 84 

Bethe, 273 

Binary stars, 249 

Black body radiation, 148-50; see also 

KirchhofT, Planck, Stefan-Boltzmann, 

Wicn 

Bode's law, 204-5 
Bohr atom, 154-8 
Bradley, 37 
Brahe, Tycho, 53 

Calcium, interstellar, 281-2 
Celestial sphere, 12, 303 
Centrifugal force, 63 



Cepheids, 94, 97, TOO, 266 
Chromosphere, 237 
Circumpolar stars, 10 
Color index, 122 
Copernicus, 53 
Coronagraph, 239-41 
Cosmic rays, 142 
Culmination, 13 

Dark nebulae, 281 

Daylight saving time, 319 

Declination, 309 

Deferent, 30 

Diffuse nebulae, 279-81 

Direct motion, 25 

Diurnal motion, 15, 27 

Doppler principle, 80, 166-7 

Draper stellar classification, 244 

Earth, 4, 6, 25, 65 
Eclipses (lunar and solar), 6, 184-7 
Eclipsing binaries, 253, 265 
Ecliptic, 19; obliquity of, 20-22 
Einstein equation, 273 
Electron, 152; see also Atom 
Ellipse, 55 

Elliptical nebulae, 126 
Epicycle, 30 

Equation of time, 16, 316 
Equator, 12; celestial, 22 
Equinoxes, 22 
Eros, 78, 206 
Evening star, 26 

Extragalactic nebulae, 125, 285-95; 
classes, 285; and galaxy, 293-8; 
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distance, 130-34; distribution, 126, 
128-30; masses, 292; red shift, 133 

Faculae, 234, 242 

Fizeau, 79 

Flash spectrum, 234 

Flocculi, 242 

Forbidden lines, see Spectra 

Foucault pendulum 35; sec also Light 

Fraunhofer lines, 144, 236 

Galactic nebulae, 277-81 

Galaxy, 109, 299 

Gamma rays, 142 

Gamow and Teller, 274 

Geoid, 306 

Giant and dwarf stars, 259 

Globular clusters, 117-20 

Gnomon, 20 

Gravitation, 62; sec also Newton 

Great circle, 12 

Greenwich meridian, 306 

Harvard sequence, 244 
Heliocentric hypothesis, 43-53 
Hertzsprung, giant and dwarf classifi- 
cation, 259 
Hipparchus, 29, 303 
Hour angle, 309 

Interferometer, 142, 255 
International date line, 320 
lonization, 164; see also Atom 
Isotope, 1 60 

Joly's Balance, 66 
Jupiter, 206-14 

Kepler, 43; laws of motion, 55-62; har- 
monic law, 103 
KirchhofFs laws of radiation, 145-7 

Latitude, 8; celestial, 309; galactic, 310; 
terrestrial, 306 

Light; black body radiation 148-50, 
corpuscular and wave theories, 141; 
electro-magnetic theory, 142; speed 
of, 79, 214; see also Aberration of 
light, Absorption of light, Spectra 
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Light curve, 98 

Light year, 89 

Local star cloud, 109, 292 

Longitude; celestial, 309; galactic, 310, 
terrestrial, 306, 318 

Luminosity, 257; see also Stellar mag- 
nitude 

Magellanic cloud (Plate vi), 130, 283 

Magnitude, 94; sec also Stellar magni- 
tude 

Mars, 197-204 

Mass and weight, 65 

Mass-luminosity relation, 262 

Mean solar time, 315 

Mean sun, 315 

Mercury, 188-94 

Milky Way, 106-7; see also Galaxy 

Month, 1 8 

Moon, 170-83; distance, 74; mass, 170- 
71; motion 15, 170; orbit, 75; phases, 
16,46 

Morning star, 26 

Moving clusters, 113 

Nautical mile, 306 

Nebula, see Barred spirals; Dark ne- 
bulae; Diffuse nebulae; Elliptical ne- 
bulae; Extra-galactic nebulae; Galac- 
tic nebulae; Planetary nebulae; Spiral 
nebulae 

Nebulium, 279 

Neptune, 222-3 

Newton, law of universal gravitation, 
62-5; theory of light, 141 

Novae, 94, 265; distance, 101 

Nuclear physics, 270 

Open clusters, 114-17 
Opposition, 26 
Orbit, 30 

Parallax, 72; see also Stellar parallax 
Parsec, 89 
Perturbations, 222 
Photoelectric effect, 142 
Planck, quantum hypothesis, 150; gen- 
eral law of radiation, 150 
Planetary nebulae, 282-3 
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Planets, 24; table of data, 82; motions, 
24-7; see also Asteroids, Jupiter, Mars, 
Mercury, Neptune, Pluto, Saturn, 
Uranus, Venus 

Pluto, 224 

Pogson, 95 

Polaris, 8 

Proper motion, 91 

Proton, 153; see also Atom 

Ptolemaic hypothesis, 29-35 

Ptolemy, 20, 303 

Quantum, see Planck 

Radial velocity, 91, 133, 165 
Red shift, 133, 289-90 
Retrograde motion, 25 
Reversing layer, 234 
Right ascension, 309 
Roche's limit, 219 
Romer, 79, 214 
Russell diagram, 257 

Satellite, 45; see also Planets 

Saturn, 215-20 

Seasons, 20 

Secchi's spectral classes, 244 

Sextant, 8 

Shapley, 100, no, 117 

Sidereal day, 14, 45 

Sidereal period, 58 

Sidereal time, 316 

Solar constant, 226 

Solar day, 14, 45 

Solar energy, source, 271-4 

Solar motion, 93 

Solar prominences, 238 

Solstice, 22 

Spectra, absorption, 144; bright line, 
151-7; continuous, 141, 145-50; en- 
hanced lines, 164; forbidden lines, 
1 60, 279 

Spectroheliograph, 241 

Spectroscope (spectrograph), 168 

Spectroscopic binaries, 251 

Spectroscopic classification of stars, 244 
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Spectrum, 141 

Spherical co-ordinates, 304; ecliptic, 

309; galactic, 310; horizontal, 307; 

table, 310 

Spiral nebulae, 126, 286 
Standard time, 18, 319 
Star clusters, see Moving clusters, Open 

clusters, Globular clusters 
Star colors, 247; see also Color index 
Star sphere, 9 
Stefan-Boltzmann law of spectroscopy, 

149, 163 

Stellar densities, 256 
Stellar energy, 274 
Stellar interferometer, 255 
Stellar magnitude, 94; absolute, 96; ap- 
parent, 96; photographic, 122 
Stellar parallax, 84-90; dynamical, 102; 

spectroscopic, 263; statistical, 93; 

trigonometric, 84 
Stellar temperatures, 247 
Sun, 225-43; galactic position, 112 
Sundial, 18 
Sunspots, 228-33 
Synodic period, 58 

Terminator, 17 

Transit of Mercury and Venus, 49 

Uranus, 221-2 

Variable stars, 265-7; sce a ^ so Cepheids; 

Eclipsing binaries; Light curve 
Venus, 193-7 
Vernal equinox, 308 

Wien's law of spectroscopy, 149, 162 
Weizsiicker, 273 
White dwarfs, 260 

X-rays, 144 

Zenith, 7, 308 

Zodiac, 1 6, 68; signs of, 20 

Zone time, 18, 319 



